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FOREWORD 

This f i n a l  report  of the Advanced Propulsion Systems Concepts for  Orbi ta l  
T r a n s f e r  S tudy  was prepared  by t h e  Upper S t a g e s  and Launch V e h i c l e s  
Preliminary Design organization of the Boeing Aerospace Company ( B X )  for the  
National Aeronautics an3 Space Wminis t ra t ion ' s  George C. ,%rshall Space 
Fl ight  Center in  accordance with Contract W9-33935. The study was conducted 
under the d i r ec t ion  of the  NASA s tudy manager, Mr. W i l l i a m  Galloway, during 
the  period from Ju ly  1980 through Ju ly  1981. The f i n a l  report is organized 
according to the following three docments:  

Volume I: 

Volume 11: Study Technical R e s u l t s  
Volume 111: Life Cycle Cost Estimates 

Catalog of Advanced Propulsion Concepts 

Key personnel during the performance of t h i s  study were: 

Dr .  Dana G. Andrews - Study manager, responsible for  nonelec t r ic  
concepts 

Mr. Ikn G r i m  - Deputy study manager, responsible fo r  electric 
vehic le  concepts 

Supporting personnel during t h i s  study were: 

Structures and Weights R. T. Conrad 
Electrical Power R. J. Gewin 
Systens Analysis E. E. Davis and R. P. Reinert  
Cost and Programmatics J. C. Jenkins 
Constructive Criticism V. A. Caluori 

ii 





. .  

CONTENTS 

1.0 MTROWCTICN 

Page 

1 

2.0 THERMODYNAMIC KCKET CONCEPTS 

2.1 Advanced Chemical Rockets 
2.1.1 High-Energy Chemical Propel lan ts  

2.1.2 Free Radical Rocket 
2.1.3 Metastable Electron S t a t e s  

2.2 Nuclear F iss ion  Thermodynamic Rockets 
2.2.1 Solid-Core Nuclear Pocket 

2.2.2 Rotating Fluidized-Bed Rocket 
2.2.3 Liquid-Core Nuclear Fbcke t  

2.2.4 Gas-Core Nuclear Rocket 
2.2.4.1 Wen-Cycle Gas-Core R x k e t  

2.2.4.2 Closed-Cycle Gasxore Nuclear Rocket 
2.2.5 Operational I s sues  of F iss ion  Fbckets 

2.3 Nuclear F iss ion  Pulse Propulsion (Pro jec t  ORICN) 

2.4 F'usion Pockets 

2.4.1 Magnetic Confinement Concepts 
2.4.2 I n e r t i a l  Confinement Concepts 

2.5.1 Pulsed-Laser Concepts 

2.5.2 Continuous-Wave Laser Concepts 

2.5 Laser-Powered Fbckets 

2.6 Solar mermal Rocket 

3.0 ELECTRIC ROCKET CCNCEPTS 

3.1 Solar Electric Power Sources 
3.1.1 Solar Photovol ta ic  (SW) Powerplant 

3.1.2 Solar T h e m p h o t o v o l t a i c  (TW) Powerplant 
3.1.3 Solar  Thermoionic (STI) Powerplant 

5 
5 
5 

7 
8 
9 
9 

16 
20 
24 

24 

28 
30 
34 

37 
40 
46 

50 
50 
52 
64 

77 
78 

78 
79  
82 

iii 



3.2 Nuclear Electric Wwer Systems (NEE) 

3 .2 .1  Nuclear ?hemionic  (NTI) 
3.2.2 Nuclear Thermoelectric (NTE)  
3.2 .3  Nuclear Brayton Cycle (NBC) 

3 .3 .1  Fdvanced Ion Thruster 

3.3 .2  Colloid Thrusters  

3 . 4 . 1  Princeton M P D  Thruster 
3.4.2 

3.4 .3  Maqnetohydrcdynmic (MHD) Thrusters 

3.3 Elec t ros t a t i c  Ion Thrusters 

3.4 Magnetoplasmadynamic (MPD) Thrusters  

Pulse Formation and Energy Storage Systems 

3.5 Arc-Jet Thrusters 
3.6 Electrcmagnetic (EM) Thrusters  

3.6.1 Mass Driver Reaction mgine  

3.6 .2  Rail  Gun Reaction Engine 
3.6.3 Induction Thruster 

4.0 OTHER PROPULSICN CONCEPTS 

4.1 Solar Sail 

4 . 2  Antimatter Rocket 

Page 

84 

84 
86 
89 
91 
91 
99 

100 
100 
103 
104 
113 
115 
115 
117 
119 

122 
122 
123 

5.0 OBSERVATIONS 125 

6.0 REFERENCES 128 

iv 

I 



FIGURES 

Page 

1.0-1 
1.0-2 
1.0-3 
2.0-1 

2.2-1 
2.2-2 

2.2-3 
2.2-4 

2.2-5 

2.2-6 

2.2-7 

2.2-8 

2.2-9 
2.2-10 
2.2-11 

2.2-12 
2.2-13 

2.2-14 

2.2-15 
2.2-16 

2.2-17 

2.2-18 

2.2-19 

2.2-20 

Effec t  of I 
Spec i f i c  Impulse Categories f o r  Mvanced Propulsion Concepts 

Spec i f i c  Impulses Available With Advanced Propulsion Concepts 
Avai lable  Energy Sources 

Proper t ies  of Selected Matrix Carbides 
Melting Po in t s  of Tennary Carbide Fuels 

Carbide Superheater Solid-Core W k e t  Reactor 
Small Nuclear Fbcket Engine Characteristics 
Gamna Engine Mass Statement 

General Layout of Proposed Nuclear Qqine 

Schematic of Fuel Elements, Support Elements, and Hot-End 
Support Hardware 

Rotati- Fluidized-Bed Nuclear Rocket 

Rotating Fluidized-Bed Reactor Fbcket Characteriscs 
Rotating-Bed Reactor I n t e r n a l  Arrangement 
Mu 1 ti pl  aye r Fuel Pa r t i c 1 es 

Mu1 t i element Liquid-Co re Nuclear Rocket 
Typical Fuel Element for Multielement Liquid-Core Reactor 

SP 
Pressure Temperature Dependence of Kinetic Equilibrium I 
From Hydrogen Propel lan t  in  Flow Through a F i n i t e  Nozzle 
Spec i f i c  hpule Optimization of Liquid-Core Nuclear Rocket 
Conceptual Open-cycle Gas-Core b c k e t  Engine 

Gas-Core E r q i n e  Weight and Spec i f i c  Impulse 
Nuclear Light Bulb Fbcket Features  and Ssks  

Technology Boundaries for Nuclear Light Bulb Engine 

Predicted hbrldwide Health Effec t s  a s  a Fbnction of Upper 
Atmosphere Release of Modified FW-4b i n  Cermet Form 

on Single-Stage Mission Performance 
SP 2 

3 
4 

5 

10 

11 

12 
13 
14 
14 

15 

16 
18 

18 
19 
2 1  
22 

22 
23 

25 
27 
28 
30 

33 

V 



2.3-1 

2.4-1 
2.4-2 

2.4-3 

2.4-4 
2.4-5 

2.4-6 
2.4-7 
2.5-1 

2.5-2 

2.5-3 

2.5-4 

2.5-5 

2.5-6 

2.5-7 
2.5-8 

2- 5-9 

2.5-10 

2.6-1 
2-6-2 

2.6-3 
2.6-4 

2.6-5 

2.6-6 

2.6-7 
2.6-8 
2.6-9 

Summary of Nuclear Fission Pulsed Rocket (Or ion) Charac t e r i s t i c s  
Important Fusion Cross-Sections 
Tandem-Mirror Conceptual Configuration 
Schernatic of D i r e c t  Converter for Mirror Reactor 
Artist’s Concept of D-T Fueled Riggatron 
Direct Fusion R o c k e t  Based on Toroidal Fusion Reactor 

Nuclear Pulse Propulsion Using E’usion Microbombs 
Pulsed Fusion Rocket Using Two-Stage Igni t ion  Process 
Acoustically Valved Ground-Launched Laser Rocket 

Laser-Sustained Detonation Wave R o c k e t  Engine 
Inverse Br emsst r ah1 ung Co upled-Laser Rocket 

Equilibrium Chemistry of 10-atm H2 and I-atm CO Versus 
Temperature 
Equilibrium Chemistry of 10-atm H2 and 1-atm H20 Versus 
Temperature 
Absorption per an Versus Temperature, 1-atm CO i n  10-atm H2 
Measured ku Versus Temperature (TI 
Results of Simulated Propellant Heating Tests Using Carbon 

Seed Material 
Variation of Bulk Exit Temperature with Radiation Incident on 
Tes t  Section for Propellant Heating Tests 
Propellant Heating T e s t  Configuration 
Principal  Solar Thermal R o c k e t  Elements 
Nonrigidized, In f l a t ab le ,  Off-Axis a n c e n t r a t o r  Configuration 

Windowless Heat Exchanger Cavity 
Windowed Heat l3cbang er Cavity 

Windowed Molecular or  Pa r t i cu la t e  Direct-Solar-Absorption 
Concept 

Theoretical  Vacuum Speci f ic  Impulse Variat ion Nith Carbon 
Concentration and Gas Temperature for  Hydrogen/Carbon 
Window& Vortex Flow Direct-Sol w-Absorption Concept 
Rotating+& Direct-Solar-Absorption Concept 
Solar Rocket  Coated-Window Transmission Propert ies  

34 
39 

42 
43 

45 
46 
47 

48 

50 
52 
54 

56 

57 
5a 
59 

61  

62 
63 

65 
66 

67 
68 

69 

70 
70 
7 1  
74 

vi 

I 



i' 2.6-10 
2.6-11 

3.0-1 

3.1-1 

3.1-2 
3.1-3 

3.1-4 
3.2-1 

3.2-2 

3.2-3 

3.2-4 
3.2-5 

3.2-6 

3.2-7 

3.3-1 

3.3-2 

3.3-3 
3.3-4 

3.3-5 
3.3-6 

3.3-7 
3.3-8 

3.3-9 
3.3-10 

3.4-1 
3.4-2 

3.4-3 
3.4-4 

3.4-5 

3.4-6 
3.4-7 

Solar Rocket Coated-Window Reflect ion Proper t ies  75 
Rotating-Bed Absorber Solar Rocket 75 
Morphology of Electric-Powered Rocket Concepts 77 
Sc lar  Array Specif ic  Mass 79 
Photovoltaic Systens Comparison 80 
TW-Ion Propulsion Vehicle Concept 81 
Key Elements of the  Thempho tovo l t a i c  Concentrator a2 
NEP Spacecraft  Using MPD Thrusters 84 
Thermionic Converter Concept 85 
Thermionic System Heat-Rejection Concept 86 
High-Fower-Density thermoelectr ic  Module 87 
Radiator Segments 88 
400-kWe Reference Power System Brayton Cycle S t a t e  Poin ts  83 
Predicted Spec i f ic  Weight f o r  Nuclear Brayton Cycle mwer Systems 90 

50-cm Ion Thruster 91 
J-Thruster Character izat ion Prcq ram Block Diaq ram 93 
Discharge Control Optimization - 50-cm Argon Ion Thruster 94 
Discharge Optimization - 5O-.an Argon Thruster 94 
Life Trends for  a 50-an Argon Thruster 95 
50-an Argon Ion Thruster Power Requirements 95 
50-an Argon Ion Thruster Performance Character izat ion 96 
50-an Argon Ion Thruster Life  Trends 97 
CDVM PPU f o r  50-cm Argon Ion Thruster 98 
Colloid Thruster 99 
Princeton Pulsed Self-Field Thruster 101 
Self-Field MPD w e r a t i n g  Map 101 
M P D  Thruster Performance Charc teri zat  ion 102 
Comparison of Electric Thruster Options 103 
Trapezoidal Wave Shape Assumed for Five-Section G u i l l e m i n .  

Voltage-Fed Pulse-Forming Network  104 
M P D  Thruster Voltage-Current Charac t e r i s t i c s  105 
F i v e s e c t i o n  Guillemin VoltageFed Pulse-Forming Network of Zn 

10.065-Flilliohms, l . l6+l i l l isecond Pulse 106 



3.4-8 

3.4-9 
3.4-10 
3.4--11 
3.4-12 
3.4-13 
3.4-14 
3.5-1 

3.6-1 

3.6-2 

3.6-3 
3.6-4 

3.6-5 

3.6-6 
4.1-1 
5.0-1 
5.0-2 

PI?” Charging Current for bw-voltage System 
b w - V o l  tage Resis t ive Charge 
Low-voltage Thruster System Performance Summary 
High-Voltage Resis t ive Charge 

High-Voltage Thruster System Performance Summary 
Pulse-Forming/Energy Storage Concepts S m a r y  
MDH o r  Cross-Field Accelerator 
25-kW Thermal Arc-Jet Concept 

Mass-Dr iver  Linear Synchronous Motor 

Mass-Driver Features and R i s k s  

Simple Rail G u n  Schematic 

Solar Electric R a i l  Gun Rocket 

Schematic of Fulsed I rduct ive Thruster 
Effect  of C o i l  Diameter on Efficiency 
Solar Sail Configuration 

Propulsion System Performance 
Upper-Stage Vehicle and Mission Chronology 

107 
108 
108 
109 
110 

111 
112 
114 

116 

117 
118 

119 
120 
121 
123 
125 
126 

... 
V U  

I 



1.0 INTRODUCTION 

This st,',- was establ ished t o  examine a l t e r n a t i v e s  to the hydrogen-ox.nen 
rocket, to  determine t h e i r  a v a i l a b i l i t y  and usefulness,  and to es t imate  t h e i r  
cos t  e f fec t iveness  a s  a replacement o r  par tner  for  the chemical rocket. The 
s tudy m s  divided into four tasks .  The f i r s t ,  t o  survey and charac te r ize  
possible  advanced propulsion concepts, is covered in t h i s  volune. In the  
remaining tasks, the propulsion concepts recommended here were assessed a s  

vehicles ,  s ized fo r  our bes t  predict ion of fu tu re  mission requirements, and 
then subjected to l i f e  cycle  cos t  estimates over a fu ture  operat ions scenario.  
Results of these tasks  a re  included under a separate cover a s  Volune 11. Tne 
log ic  used t o  j u s t i f y  the d i v e r s i t y  of propulsion concepts chosen fo r  
charac te r iza t ion  follows. 

The a b i l i t y  t o  move payloads  from p l a c e  t o  p l a c e  i n  space  is 
fundamentally dependent on the  capab i l i t y  to cont ro l  an3 apply energy. The 

p r a c t i c a l i t y  of any propulsion concept is determined by the s i z e ,  rnass, 

ef f ic iency ,  ard cos t  of the method of energy conversion fran its i n i t i a l  form, 

such a s  high-temperature combustion gases  o r  high-energy nuclear reac t ions ,  t o  
t h e  p r o d u c t i o n  of  f o r c e  o r  t h r u s t .  The h i s t o r i c a l  dependence o f  

t ranspor ta t ion  progress on advancements i n  propulsion technology a l so  has its 
analog in  space. 

Tne hydrogen-oxyqen rocket ergine is about  20 years  old. Its la tes t  
appl ica t ion  in the Space Transportation System ( s h u t t l e  o r b i t e r )  requi res  t h a t  

its near ult imate theo re t i ca l  po ten t ia l  be real ized in  p rac t i ca l  appl ica t ion ,  
e s p e c i a l l y  wi th  respect t o  e f f i c i e n c y  and endurance.  Although i t  is 
reasonable to expect t h i s  performance, i t  is a lso  evident +ht fu r the r  
progress in  propulsion technology is highly des i rab le  to  more e f f e c t i v e l y  

perform cu r ren t ly  visual ized missions. 
?he most l i k e l y  fu tu re  needs are to o p r a t e  heavier,  more complex and 

capable spacecraf t  in  c i s lunar  space fo r  both manned an3 m a n n e d  p u r p s e s  and 
to perform la rger  an3 f a s t e r  science missions to the planets .  The impact of 

erqine e f f ic iency  on the mass r a t i o  required to perform sane of these more 

1 



ambitious missions is shown in  Figure 1.0-1. A s i n q l e s t a q e  vehicle  carrying 
a typ ica l  n e a r - E a r t h - t p  payload has  a maximm mass r a t io  of about 4 t o  5. A 

deepspace  probe is a much l i g h t e r  payload and the propulsive vehicle  could 

have a mass r a t io  a s  high a s  10. 

I I I 
4 8 

I I I I 
12 16 20 24 28 

0 
0 

POST ORBITAL VELOCTTY INCREMENT, Km/SEC 

Figure ?.@?: Effect of lsp on Singtestage Mission Performance 

In general  p rac t i ce ,  i t  is des i r ab le  to accomplish space missions with a 
s i n q l e s t a g e  rocket. 

The hydrcqen-oxBen rocket, with a max imum theore’,-- 11 specific impulse 
of  almost 500 sec, has reasonable s i n g l e s t a g e  mass r a t i o  requirements for 

missions to geosynchronous o r b i t  and back. However, a round t r i p  t o  the lunar 
surface and back would require  a spec i f i c  impulse of 800 t o  1000 sec ( s ing le  
s tage)  , and a nanned f a s t  round t r i p  t o  Mars using a s i n g l e s t a g e  vehicle  

2 
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would require  a s p e c i f i c  impulse of 1500 sec or  b e t t e r .  S imi la r ly ,  the  very 
ambitious planetary probe missions, such as the  f a s t  t r i p  to  Neptune o r  the 
f a s t  solar polar missions, w i l l  a1.b require a single-stage vehic le  to have a 
s p e c i f i c  i m p u l s e  of 1000 t o  1500 sec. Note that t h i s  f i r s t -o rde r  ana lys i s  
ignores the e f f e c t  of staging vehic les  an3 a lso  of vehic le  t h r u s t  to weight, 

both of vhich could impact s p e c i f i c  impulse requirements. 
The in t e r r e l a t ionsh ips  between advanced propulsion technologies and 

mission c a p a b i l i t i e s  have been explored in d e t a i l  i n  several  previous studies. 
References 1-1 through 1-4 a re  examples of the results of such studies. This 
p a r t i c u l a r  study is less mission or iented and more technology and systems 
or iented than these previous s tud ie s ,  e spec ia l ly  in  that it w i l l  examine and 
compare a l a rge r  nunber of d i f f e r e n t  advanced propulsion concepts. me 
propulsion concepts examined in  t h i s  study have been roughly categorized w i t h  

respect to  spec i f i c  impulse in  Figure 1.0-2. Note t h a t  many of the propulsion 

S P t C I F I C  IMPULSE - SECONDS 

3QQ Arm *,1500 

ADVANCED NUCLEAR U S E R  
CHEMICAL SOLID-CORE ROCKET 
ROCKETS ROCKETS 

S O U R  NUCLEAR 
HEATER CAS-CORE 
ROCKET ROCKETS 

B -25[M dQ!u 
RAIL FUSION ARCON- I ON 
GUN ROCKET THRUSTER 

AR CON - HPD 
THRUSTER 

FISSION PULSE 

COLLO ID 
ELECTRIC 
THRUSTER 

FREE RADICAL 
ROCKET 

Figure 1.0-2: Specific Impulse CatesorieJ for Advanced Propulsion Cbncepts 

options listed a re  ac tua l ly  th rus t e r  concepts and m u s t  be paired w i t h  an 

energy source to be a complete propulsion system. The combinations of 
t h rus t e r  concepts ard energy sources ava i lab le  to t h i s  study a re  shown i n  
Figure 1.0-3, along w i t h  spec i fc  impulses ava i l ab le  for  each combination. 
Each propulsion option in  Figure 1.0-3 w i l l  be catagorized a d  its technology 

requirements evaluated in  the sec t ions  a i c h  follow. 
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Figure 1.03: $?ecific impulse Available with Advanced Propulsion Concepts 
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2.0 THERMODYNAMIC ROCKET CaKEPTS 

The key to an exce l len t  s p ~ -  t ranspor ta t ion  system is the e f f e c t i v e  use 

of more advanced energy sources than the simple combustion of a fue l  and 
oxidant. In the foreseeable fu ture ,  the most l i k e l y  sources of energy f o r  
t h i s  purpose a re  nuclear f i s s i o n  and fusion reac t ions ,  e i t h e r  d i r e c t l y  from an 
onboard reactor  or  i r d i r e c t l y  v i a  co l l ec t ion  of energy transmitted from a 

remote r e a c t o r  (e.9. , t h e  Sun). P r e s e n t  concep t s  f o r  conve r s ion  and 
appl ica t ion  of these a l t e r n a t i v e  enerqy sources are still pr imit ive;  bu t  even 
a t  t h i s  e a r l y  s t a g e ,  n u c l e a r  energy  o f f e r s  l a r g e  b e n e f i t s  f o r  space  
t ranspor ta t ion .  The energy dens i ty  ava i lab le  for  var ious chemical an3 nuclear 

reac t ions  is compared in  Figure 2.0-1. This sec t ion  covers p t e n t i a l  uses of 
high-energy chemical  r e a c t i o n s  and n u c l e a r  energy f o r  advanced space  

propulsion. 

f,tuwmE P O T E N T I A L  SPFCIFIC F m G Y  ( C d g )  

CIlEMI CAL (H2-02 1 

FREE RADICAL (H + H- tH2)  

3.6 x 103 

5 . 3  x 104 

NUCLEAR F I  SS I ON 1.7 X 1010 

NUCLEAR FUSION 1.8 x 1011 

MATTER ANNIHILATIOI4  282 x 1013 
Fiwn 2.0- I :  Am'hble Energy Sources 

2.1 Mvanced Chmical  Rockets 

2.1.1 Hiqh-Energy Chemical Propel lants  

The prformance of a thermodynamic rocket is usua l ly  s t a t ed  in  terrns of 

5 



1 -  A - spec i f i c  impulse o r  exhaust ve loc i ty  ( i n  a vacuum: Isp - Vexhamug 
rocket w i n e  requires  a high chamber temperature (Tc) a&/or a low molecular 
weight of the exhaust prcducts (Me) to  achieve a high spec i f i c  impulse. The 

vacuum spec i f ic  i m p l l s e ,  i n  seconds, of a 1990 technology rocket can be 
approximated by the equation I = 30.5-l. 

rocket,  a t  a mixture r a t i o  of 6:1, has a chamber temperature of 
3500°K and molecular weight of 13 for  a vacuum spec i f i c  impulse approaching 

500 sec. An H 2 q 2  rocket is usually operated hydrogen rich t o  keep the 
molecular weight low and achieve maximm performance. Note tha t  nuclear 

rockets can achieve even higher spec i f i c  impulses by using hydrogen alone a s  
the worki rq  f l u i d  (Me = Z), but in  chemical rockets w e  nus t  f ind a chemical 

reac tan t  for  the energy. 'Ihe element f luor ine  is a very energet ic  oxidizer ,  
combining with hydrogen to form HF and releasing about 3.2 kcal/g. h i s  
r e s u l t s  i n  an appreciably higher combustion temperature t !an  H2G2 and about 
20 sec of increased spec i f i c  impulse. In addition to  increased performance, 
the hydrogen-fluorine rocket runs a t  a m i x t u r e  r a t i o  of 12:1, thereby 

decreasing by a fac tor  of 2 the  amount of l owdens i ty  l iqu id  hydrogen which 

m u s t  be carr ied.  This permits a sho r t e r ,  l i g h t e r  vehicle  and s impl i f i e s  
s h u t t l e  integrat ion.  Cn the negative s ide ,  f luor ine  is hypergolic with most 
mater ia l s ,  very corrosive,  a d  deadly poisonous. 

Previous attempts t o  develop hydrogen-fluorine engine t e c h n o l q y  resul ted 
in  des t ruc t ion  of the prototype engines ard test f a c i l i t i e s  in  tw o u t  of the 

three  attempts; therefore ,  any fu tu re  f luor ine  erqine developnent should be 

viewed a s  a high risk program and planned accordirqly.  
Fluorine also r eac t s  With l i thium to form L i F  and re lease 5.6 kcal/g. 

This very energet ic  react ion can be used to  heat hydrogen t h a t  has been 
injected into the combustion chamber to provide a mrkinq f lu id .  ?his 
t r ip rope l l an t  combination g ives  a s p e c i f i c  impulse of 560 see a t  a mixture 

r a t i o  of 1:l (F2: Li + H2).  Unfortunately, the l i thium m u s t  be heated to  over 
SOO'K t o  be injected into a chamber a s  a l i qu id ,  which complicates the feed 
system. Also the exhaust product L i F  melts and v a p r i z e s  i n  the chamber, 
which absorbs energy for the hea ts  of fusion and vaporization. As a result, 
the  F + L. + H t r i p r o p e l l a n t  rocket does not o f f e r  performance in  proportion 
t o  its very high heating value. 

SP 
The H -0 2 2  

2 1  2 

%e oxidizer  which provides the maxiaum energy release with any f u e l  is 
With hydrogen, ozone combines to  re lease  4 . 2  kcal/g which results ozone (03). 
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in  a spec i f i c  impulse of approximately 570 sec. In addi t ion ,  ozone a t  any 
s ign i f i can t  concentration provides hypergolic ign i t ion  with hydrogen and most 

other  fuels .  A major d i f f i c u l t y  w i t h  ozone is t h a t  concentrat ions g rea t e r  
than 55% i n  oxygen a re  in  danger of spontaneous detonation. In addi t ion ,  

mixtures between 25% and 55% ozone have a characteristic of s p l i t t i n g  in to  a 
l i g h t  phase, 25% ozone, and a heavy phase, 55% ozone, and then exploding. 
Some wrk 10 years  ago by the Air Reduction Company ( r e f .  2-1) showed that 
addi t ion  of 8% t o  10% f luo r ine  homogenizes the  ozone-oxyqen system and 

pro tec t s  aga ins t  Wase separat ion.  Reference 2-1 proposes a mixture of 10% F2, 
40% 03, and 50% O2 a s  a candidate oxidizer  t o  upgrade performance and reduce 
problems of pure f luor ine  systens.  It is possible ,  bu t  not l i k e l y ,  t h a t  

fu r the r  s tud ie s  can find some way to s a f e l y  handle mixtures with more than 55% 
ozone ard permit use of t h i s  high-energy oxidizer .  

The chemical combustion react ion with the highest  known s p e c i f i c  energy 
is b e r y l l i u m  wi th  ozone which l i b e r a t e s  approx ima te ly  6.2 kca l /g .  The 

r e s u l t a n t  material is beryllium oxide, k i c h  remains a so l id  a t  combustion 
chamber temperatures an3 hence cannot provide th rus t .  By r u n n i q  about 25% 

hydrogen by weight as the harking f l u i d ,  t h i s  t r i p r o p e l l a n t  combination can 
provide a theo re t i ca l  s p e c i f i c  impulse approaching 600 sec. Unfortunately, 
cu r ren t  technology has  not found a way to  g e t  100% cmbust ion  of the  
beryllium; the bes t  to  d a t e  is 85%. Beryllium has a high melting p i n t  

(1560'K) which prevents in jec t ing  it a s  a l i qu id  l i k e  l i t h i u n .  When it is 
injected in  p a r t i c u l a t e  form, a t h in  layer  of Be0 slag forms on each p a r t i c l e  

and prevents fu r the r  oxidation. b t a  presented in reference 2-2 show that 95% 
combustion e f f i c i ency  is required i f  the  O3 + Be + H2 system is to be 
competit ive with H -F rockets, h i c h  is not l i k e l y  i n  the near future .  2 2  

2.1.2 Free Radical Rocket 

An ideal  rocket propel lant  is pure hydrogen a t  a very high temperature. 
One way t o  obtain very high temperatures is to s t o r e  the hydrogen as  a f r e e  
rad ica l  (i.e., as monatomic hydrogen). The energy released by recombining 
d issoc ia ted  hydrogen atcms is 51,700 g-cal/g. Pure monatanic h y d r q e n  m u l d  
generate qxcific impulse values of about 1500 sec i f  recombined and expanded 
through a high-expansion r a t io  nozzle. Monatcmic hydrogen is cu r ren t ly  
produced by blowing ordinary hydrogen through a high-temperature a r c  discharge 
or high-pwer radiofrequency discharge.  The dissoc ia ted  gas  can then be 
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captured as a gas in a bottle l ined with superf luid l iquid heliun (0.2OK). Tb 

suppress the s t r o q  tendency of the hydrogen t o  recombine and to form H2, the  
atomic hydrogen is held in  a high s t a t e  of po lar iza t ion  with a strong magentic 
f i e l d  ( -  1OT) .  Recent experiments (refs. 2-3 and 2-4) have shown the  

17 capab i l i t y  of storing monatomic hydrogen gas a t  a dens i ty  of more than 10 

atoms/an3 f o r  p r i o d s  of several  hours. me time l i m i t  ms determined more by 

equipnent l imi t a t ions  than by recombination. This is an ine f f i c i en t  way t o  
s t o r e  monatomic hydrogen because i t  requires a cubic meter to store log. ?he 

problem is t h a t  spin-polarized a tan ic  hydrogen is expected t o  remain a s  a 
l o d e n s i t y  gas a t  pressures below 50 atm, even when cooled t o  absolute zero. 

A t  sane a s  yet undetermined combination of very low temperature and very high 
pressure and q n e t i c  f i e l d  s t rength ,  i t  is possible  t!!at monatomic hydrogen 

muld be stored a s  a so l id ;  however, theorists cu r ren t ly  do not agree on t h i s .  
Further experimental work is required to determine whether monatomic 

hydrogen can ever be stored safe ly  a t  a dens i ty  required for propulsion 
a p p l i c a t i o n s .  U n t i l  such  time t h a t  t he  b a s i c  f e a s i b i l i t y  of  s t o r i n g  

s ign i f i can t  amounts of so l id  monatanic hydrogen has been shown experimentally, 
t h i s  concept should m t  be p r s u e d  a s  a propulsion option. 

An a l t e r n a t e  method of u s i q  ronatanic hydrogen has been p r o p s e d ,  i n  
which the monatomic hydrogen is produced onboard, a s  required, by one of the 
methods discussed e a r l i e r .  This s l iminates  the low dens i ty  storage problem 
and l e a d s  t o  a d e v i c e  w i t h  t he  c h a r a c t e r i s t i c s  of  a high-performance 

low-efficiercy hydrgen  arc  jet .  The e f f ic iency  of p roduc iq  a tan ic  hydrogen 
in  a device of t h i s  type is not w e l l  documented ( e f f i c i m c i e s  of 30% t o  50% 

have been mentioned) but appears to be considerably less than the  60% t o  90% 
e f f i c i e n c y  a v a i l a b l e  with arc je ts .  Because t h e  maximum p r a c t i c a b l e  

performance fran e i the r  device is about 1200 s e c o d s ,  there  appears t o  be no 
reason a t  t h i s  time to favor d e v e l o p ”  of the f r e e  radical  rocket over the 

a rc  j e t .  

, 

2.1.3 Metastable Electron S ta t e s  

An a l t e r n a t i v e  high prformance monopropellant could be helium with one 
of its electrons in  an excited enerqy s t a t e .  If radiofrequency energy is 

added to a helium atom, one of its e lec t rons  can be moved to  a higher o r b i t .  
If t h i s  process is done i n  a strong magnetic f i e l d ,  i t  can be arrarqed t h a t  
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the  d e c t r o n s  a r e  m longer "spin paired" and' hence cannot re turn  d i r e c t l y  to 
the unexcited g r o w  s t a t e  by photon emission. The hel iun atom must f i r s t  
reverse the spin of one e lec t ron  in an intermediate c o l l i s i o n  w i t h  another 
atom. If  the  helium is very cold,  c o l l i s i o n s  can be minimized and t h i s  

excited state becanes metastable. Heliun in  t h i s  s t a t e  is ca l led  t r i p l e t  
helium a d  could t h e o r e t i c a l l y  store 114 kcal/g. As a rocket propel lant ,  

metastable hel iun could provide I ' s  as high a s  2700 sec. I-bwever, unlike 
monatomic hydrogen, no one has yet demonstrated that s i g n i f i c a n t  q u a n t i t i e s  of 
t r i p l e t  l i qu id  h e l i u n  can be manufactured or s tored fo r  more than lo'* sec 
( re ference  2-5). Until  t h i s  process has been experimentally proven, 

SP 

concept should rot be pursued a s  a propulsion option. 

2.2 Nuclear Fission ?hennodynamic Rockets  

Various concepts for  nuclear f i s s i o n  rockets have evol from nearl: 
decades of research and developnent. me d e s i r e  for  enhanced performance la3 

to inves t iga t ing  increased o p e r a t i q  temperatures un t i l  the temperature limits 
of so l id  mater ia l s  were exceeded and f i s s i o n  rockets were designed using 
l i qu id  and gaseous nuclear fuels .  The ult imate upper . l i m i t  on specific 

impulse for  a f i s s i o n  thermodynamic rocket is determined by the  a b i l i t y  t o  
cool the  walls of the chamber and nozzle throa t .  Hydrogen above 6000°K 
r ad ia t e s  l i k e  a black body and t h i s  rad ia t ion  m u s t  be absorbed in  the  boundary 
layer  t o  pro tec t  the s t r u c t u r a l  wal ls  of the rocket. Also, t o  obtain a 

c r i t i c a l  m a s s  of uranium in  a gaseous state,  the physical s i z e  and weight of 
the  reactor  m u s t  grow, which results in  a serious degradation i n  e q i n e  
thrust-to-weight r a t io .  These and other  key c h a r a c t e r i s t i c s  of nuzlear 
thermodynamic rockets a re  sumnarized below. 

2.2.1 Solid-Core Nuclear Rocket 

The most straightforward method of heating a gaseous wrking f lu id  is to 
pass i t  through a solid-structured heat  exchaqer .  I f  t h i s  heat exchanger is 
c o n s t r u c t e d  of  a p p r o p r i a t e  maL?rials, i t  can  be made to  c o n t a i n  t h e  

f i ss ionable  mater ia l  which forms the  core of a nuclear reactor .  In t h i s  heat  
exchanger/core region, the  f i ss ionable  fue l  is d i s t r ibu ted  in  a manner to 

y ie ld  a des i rab le  d i s t r i b u t i o n  of f i s s i o n  pwer, a d  the coolant  (propel lant)  
is heated in its passage through many flow Channels i n  the core s t ruc tu re .  
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( The only way to  achieve be t t e r  performance from solid-core reac tors  is to  

operate  them a t  higher temperatures; the  a b i l i t y  to do t h i s  depends upon the  
mater ia l s ,  geometry, and reactor core design. "bere a r e  three metallic 
c a r b i d e s  which o f f e r  promise f o r  u l t r ah igh - t empera tu re  use. They a r e  
zirconium carbide ( Z r C ) ,  niobium carbide (NE), and tantalun carbide (TaC). 

A l l  three are  canpat ible  with uranium carbide ard with each other. Selscted 
proper t ies  of these carbides  a re  shown i n  Figure 2.2-1. h e r e  is no 
compelling reason to  select one carbide matrix over another; but for nuclear 
and dens i ty  reasons, Z r C  and uranium zirconium carbide (UZrC) have had an edge 
even though TaC has s ign i f i can t ly  higher temperature capabi l i ty .  

Figure 2.2-1. Propert ies  of Selected Matrix Carbides 

N E  TaC Item ( a t  ambient standard conditions) - Z r C  - - 

Melting p i n t  (OK) 

Density (g/cm ) 

Thermal conductivity 

3 
3680 3780 4280 

6.8 7.8 14.5 

0.049 0.034 0.053 
0 (g-cal/sec-cm- I<) 

(b/atom) 

Microscopic neutron absorption 0.18 1.16 2 1  

/ 

Macroscopic neutron absorption 0.007 0.05 9.95 

Microscopic neutron sca t t e r ing  7 7.3 6.7 

(b/atom) 
Macroscopic neutron sca t t e r ing  0.277 0.326 0.304 

( cm-I 1 

"he addi t ion of la rge  amounts of f i ss ionable  fuel  (uranium) t o  the  

carbide matrix severely lowers the  meltirq point (see Fig. 2.2-2). Figure 
2.2-2 sho- that ternary f u e l s  have a var iab le  melting p i n t  depending upon 
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Y 
0 

UIANIUM CARBIDE, -10 % 

Figure 2.2-2: Melting Points of Tematy Carbide Fuels 

the  percentage of K present .  The fuel content can be varied from 0 %  t o  100% 
UC, but  the mixture should not go below 20% UC or there  w i l l  not be e n o q h  

f i ss i le  mater ia l  present to be c l a s s i f i e d  as fuel .  If the te rnary  system goes 
beyond 80% UC, the  melting point  drops off rapidly and engine performance 
su f fe r s .  

UZrC is the preferred te rnary  fuel for  temperature and nuclear reasons. 

Its temperature advantage Over UNbC (within the  range of interest) is 
self-evident  in  Figure 2.2-2. The UTaC system is very a t t r a c t i v e  a t  mixtures 
of less than 50% UC content,  b u t  its neutron absorption cross-section is too 
l a r g e  to allow a reasonable size core. This can be avoided a d  the  chamber 

e x i t  temperature increased by use of a two-section core,  i n  which a highly 
loaded lower temperature sec t ion  provides neutrons to  help cause f i s s i o n s  i n  a 

l i g h t l y  loaded carbide superheater section ( r e f .  2-6). The k s t  g e m e t r y  
(neut ronica l ly  s p e a k i q )  is one in  which the superheater is wrapped around the  
highly loaded core in  such a way t ha t  it is th in  an3 sandwiched between the 

11 



r e f l ec to r  and core, as show in  Figure 2.2-3. kcord ing  to  reference 2-6, the 
p s s i b l e  rarge of specific impulses a t t a inab le  with t h i s  arrangement is from 
1000 sec with UZC ard H2 a t  100 atm to 1200 sec w i t h  UTaC and H2 a t  10 a m .  

S t i l l  higher s p e c i f i c  impulses may be a t ta ined  by operat ion a t  still  lower 
pressures ,  but the thrust-to-weight ra t io  will decrease r o q h l y  l i n e a r l y  w i t h  

chamber pressure.  

Figure 2.2-3: Carbide Supertreater Solid Core Rocker Reactor 

Another method for increasing tne spec i f i c  impulse of a solid-core rocket 
is to use t!!e so l id  fuel in  the form of small pellets .( 500 m in  diameter) 
suspended in  a rotat ing f luidized bed. ?he advantage of t h i s  concept l ies  i n  
the reduction of thermal s t r e s s e s  in the fue l  elements anl the p s s i b l i l i t y  of  
a t ta in ing  temperatures f a i r l y  c lose  to the solid-fuel meltinq p i n t .  The 

temperature gain ava i lab le  with this concept may yield another 50- t o  100-sec 
increase in  q e c i f i c  impulse. 

Dual-Mode Small Nuclear Rocket. Early nuclear rocket s tud ie s  focused on the 

requirements for  manned planetary missions. A S O O O M ,  900,OOON (200, 000-lbf) 
t h r u s t  e q i n e  was optimun for  these missions and technology readiness  for t h i s  

engine was demonstrated early in the NERVA program (Phoebus 2A, 1968). As it 
became apparent that m m e d  planetary missions were going to be deferred 
indef in i te ly ,  a smaller 330,000N (75,000-lbfj ::ERVA engine was designed. This 
engine was sized to serve a s  a high-performance replacement for  the Saturn 
S-IVB staqe a d  support a va r i e ty  of lunar and deepspace missions. When t he  
Saturn V vehicle  was @as& out  in  favor of the reusable space s h u t t l e ,  the 
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nuclear rocket engine design was sized down again t o  70,000N (15,000-lbf) to  

match the o r b i t e r  payload requirements. '.his enqine was designated the mall 
nuclear rocket eq ine  (SNRE) by b s  Alamos S c i e n t i f i c  Laboratories (LASL) 

where it was designed. SNRE technology is characterized in  Figure 2.2-4 from 
reference 1-1, which shows estimated c h a r a c t e r i s t i c s  of severa l  ?W's. The 

Par meter 

Thrust (N)  

Effect ive jet ve loc i ty  ( d s e c )  

Propel lant  flow r a t e  (kg/sec) 
Bwer (MW) 

Engine m a s s  (kg) 
Core length (m) 
Engine length (nozzle folded) (m) 
Chamber pressure (N/cm2) 

Chamber temperature ( K )  

Isp (set) 

Fuel l i f e  (hr )  
Operating cyc les  

Fuel element mater ia l  

Alpha 
Engine 

73000 
8580 
8.52 

36 5 
2570 

0.889 

3.16 
310 

2690 

875 

. 1  
3 

compsi t e  

Beta Gamma 

Engine Engine 

71700 65500 
8430 9479 

8.51 6.81 
354 365 

2570 2742 
0.889 0.889 

3.16 3.12 
310 310 

2633 3335 
860 970 

2 unlimited 
20 unlimited 

compsi t e  carbide 

Figwe 224. smsll Nuclear Rocket Engine ~aracteristiu 

Alpha engine design used NERVI technology and served as the basel ine for SNRE 

studies. The B e t a  engine design used Alpha compments but was modified to  
include an aux i l i a ry  e l e c t r i c a l  power generating system. Ihe Gamma engine was 

an evolutionary developnent of the Alpha and Beta designs incorporating the  

carbide fuel  elements discussed earlier. ?he Gamma engine muld be capable of 
o p e r a t i q  a t  tenperatures s u f f i c i e n t  to provide 1000 sec of spec i f i c  impulse 

f o r  up to 10 h r  plus be capable of providing up to 40 kWe of a u x i l l i a r y  
electrical power for  a number of years. 

The Gamma SNRE has been selected as the reLsrence solid-core nuclear 
rocket  engine for t h i s  study. The basic design has been well defined and its 
operating cha rac t e r i s t i c s  have been estimated ( re fs .  2-7 through 2-13). ?he 
estimated weight statement for the Gama eryine is shown in  Figure 2.2-5, a 
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Reactor core a d  hardware 

pressure vessel  

Turbopump 
Nozzle ard s k i r t  assembly 

pro pel 1 ant  1 i nes 
Thrust  s t ruc tu re  and gimbal 
Valves a d  ac tua tors  
Instrumentation and e lec t ronics  

Cont i rq ency 
To t a l  

960 

570 

240 

150 

40 

225 

15 

30 

210 

160 

2700 
_c. 

50 

2750 

Figure 2.2.5. Gamma Ensine MUS Statement (kg) 

general  layout is shown in Figure 2.2-6,  and a schematic of the f u e l  element 

Figurr, 2.24: Genera( Layout of Proposed Nuclear Engine 
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. .  

arrarqement is shown i n  Figure 2.2-7. U s i r q  the  carbide fue l  elements i n  the 

Gamma engine extends the chamber operating temperature l i m i t s  from 2750°K t o  

roughly 335OOK; but the carbide mater ia l  is more b r i t t l e  and cracks more 
e a s i l y  under thermal stresses than the compsite mater ia l s  used to da te .  ?he 
core design m u s t  account for this b r i t t l e n e s s  fac tor  and for  the increased 

dens i ty  of the carbide fue l  kith w i l l  tend to  increase the mass of the core. 
The concept character ized i n  the n e x t  subsect ion d i r e c t l y  addresses this 

problem of b r i t t l e  fuel  and thermal stress buildup. 

Figure 2.2-7: Schematic of Fuel Elements, Suppon Elements, and Hot- End Suppon Hardware 

The technical risks of the solid-core nuclear rocket r e l a t e  to the 

desired l eve l  of performance ard fue l  element l i f e .  Fuel element l i f e  of 10 
hr a t  a spec i f i c  i m p u l s e  of 825 sec has e s s e n t i a l l y  been proven. ch the other 

hand, the fuel element l i f e  a t  a spec i f i c  impulse of 1000 sec is a matter of  
conjecture  and fur ther  tes t ing  is required. Overall ,  t he  technical  and 

developnent r i s k s  of the  solid-core nuclear rocket a re  t h o q h t  to be qu i t e  
minimal r e l a t i v e  to most other  advanced propulsion concepts i n  t h i s  volume. 
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2.2 .2  Rotating Fluidized-Bed Rocket 

The rotat ing fluidized-bed reactor concept was o r i g i n a l l y  p r o p s e d  as  a 
A schematic drawing of the concept is 

Fuel (UC-ZrC) i n  the form of mall p a r t i c l e s  (100 t o  
propulsion device in  1960 ( r e f .  2-14). 

shown in Figure 2.2-8. 

ROTOR. 
FUEL TRANSFER PORT 

ROCKET NOZZLE 

FEATURES 
1SP ~1OOO SECS 
INITIAL TIW 2 6  
MANNED MISSION CAPABILiTY 

RISKlFEASIBILITY ISSUES 
RADIATION HAZARD 

Fjgurv 2.2-8: Rotating Fluidized-Bed Nucleer Rocket 

50Cpm i n  diameter) is retained by cent r i fuga l  force in  a ro ta t ing  cyl inder  to 
form an annular core. The cyl inder  is made of porous materjal  known as a 

f r i t ,  backed up by a squi r re l -cage type  support s t ruc ture .  The erqine uses an 
expander-type cycle in h i c h  the hydrogen p r o p l l a n t  goes from the tank to the 

turbopunp, where the pressure is ra i sed ,  then through the cooling passages i n  
the rocket mzzle and into the r e f l ec to r .  All (or part)  of the hydrogen passes 
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through the turb ine  of the t u r b p u n p  un i t  ard en te r s  the core chamber where i t  
flows r a d i a l l y  inward through the f r i t  a t  a ve loc i ty  s u f f i c i e n t  to f lu id i ze  

the  bed ( l i f t  a d  separa te  the particles). The weight of the bed can be 

adjusted to match any flow r a t e  by varying the r/min of the f r i t .  ?he 

superheated gas  f i n a l l y  flows through the mzzle, generating the  desired 
thrust, 

Advantages of this concept over other  nuclear solid-core rockets a r e  
sumnarized below: 

a .  ?he high surface-to-volune r a t i o  of t he  fue l  pellets and the high 
fuel-to-coolant-to-heat t r ans fe r  c o e f f i c i e n t s  r e s u l t  i n  very high 
heat- t ransfer  r a t e s  and a small temperature d i f f e r e n t i a l  between 

the fue l  pellets and gas stream. 
fo r  any t h r u s t  l eve l .  

This r e s u l t s  in  minimun core s ize  

b. Because the core support structure remains cool with t h i s  concept, core  

design requirements a re  d i c t a t ed  by the high temperature s t a b i l i t y  
of the fuel  elements instead of thermal stress and other s t r u c t u r a l  

fac tors .  T h i s - r e s u l t s  i n  the highest  s p e c i f i c  impulse ava i l ab le  t o  
a solid-core fue l  element. 

c. ?he volune ard mass of the material tha t  m u s t  be handled in  loading 
ard unloading fue l  elements a r e  reduced by about a f ac to r  of 6 r e l a t i v e  
to  the more conventional solid-core rocket. Refueling the  core is 
g r e a t l y  s i m p l i f i e d  and t h e  c o r e  can now be removed f o r  r o u t i n e  
maintenance. 

/ 

A series of analytical and experimental studies of the rotating-bed 

nuclear r o c k e t  were performed a t  the Brookhaven National Laboratory between 
1960 and 1973 ( r e f s .  2-15 through 2-17). 'Ihese studies refined and optimized 

the  design of the rotating-bed nuclear rocket u n t i l  the program was abrupt ly  
cancelled in  January 1973 along W i t h  a l l  o ther  nuclear rocket mrk. n7e 

results of the f i n d  study on the rotating-bed rocket (RBR) were reported i n  
re f .  2-18 and the r e su l t an t  ergine design is s m r i z e d  in  Figure 2.2-9. The 
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Reactor p e r  (MW) 

Engine mass (less sh ie ld)  (kg) 

Chamber pressure (MN/M2) / (am) 

E x i t  temperatures (OK) 
Specific impulse (sec) 
Thrust ( N )  / (  lbf  1 
Particle diameter ( m) 
Total fuel  mass (UC-ZrC) (kg) 

Propel lant  flow rate (kq/sec)  

420 

1370 

3.94/38.9 
3400 
1000 

90,000/20,000 

500 

140 

9.2  

Figure 2.2-9. Rotating Ftuidized-BedReactor Rocket Characteristics 

erqine in te rna l  configuration is shown in  Figure 2.2-10. 

1HRUST - 90,OOO N 
POWER - 420 Mw 

Figure 2.2- IO: Rotsring.Bed Reactor Internal Arranpmenr 

Tbe fuel pcrrticles themselves could be e q i n e e r e d  through the proper use  

of c o a t i q s  to improve fuel  element temperatures a d  reduce fue l  vapt r iza t ion  
losses. "he approach mUld be to surround each fuel particle w i t h  several 
layers of coatings and drive the fuel  temperature into the molten s ta te .  
These c o a t i n g s  would be s u f f i c i e n t l y  t h i c k  and wi th  s u f f i c i e n t  
high-temprature s t ruc tu ra l  capabi l i ty  to  contain the molten fuel and its 
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vapor pressure.  Figure 2.2-11 shows a scheme for  mult i layer  coating of f u e l  
particles for  the RBR. In t h i s  f i gu re ,  the f i r s t  coating adjacent to t h e  f u e l  

Figure 2.2- ? 1 : Multipia yer Fuel Particle 

is an a m r  s h e l l ,  only thick emugh to slow down the f i s s i o n  fragments so 

they cane to  rest in  the stopping =ne outs ide  the armor. For coating 
mater ia l s  of i n t e r e s t  ( Z r C ) ,  f i s s i o n  fragment stoppir-q d is tances  a v e r q e  a b u t  

5 p n ,  so t h i s  w u l d  be the thickness of the f i r s t  coating. 'he second coating 
in the f igure  is a stopping zone of about 15- t o  20-,urn th ick ,  where f i s s i o n  

fragments w u l d  give up t h e i r  k i n e t i c  and thermal energy. The f i r s t  and 
second coat ings a re  a graduated cushion zone, about 25-pm th ick ,  with high 
thermal conductivity for  good heat d i s t r i b u t i o n  and control led p r o s i t y  f o r  
f i s s i o n  product d i f fus ion .  The primary purpose for the th i rd  coating is t o  
provide impact protect ion bhile mult iple  c o l l i s i o n s  occur i n  the f lu id ized  
bed. The upper l i m i t  on tenperature  is dependent upon the  strength of the 

coating material. The vapor pressure of the molten fue l  increases  with 
temperature and could eventual ly  burs t  the  coatir-q s h e l l  ard release t h e  
mol ten mixture. 

I f  the  core consisted of p a r t i c l e s  of uncoated u r a n i m c a r b i d e  a l l o y  

( l U - l O Z r ) C ,  the  upper l i m i t  on s p e c i f i c  impulse w u l d  be determined by the 
vaporization loss of uranium fuel. It has been estimated ( r e f .  2-19) that the  

fue l  vaporizat ion r a t e  for  a 90,000N-thrust dust-bed rocket operating a t  
3300°K and 100 atm is 100 g/sec. 'Ihe propel lan t  flow r a t e  a t  these condi t ions 
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would be 10  kg/sec. The fuel  flow r a t e  is 1/100 of the propellant flow r a t e  
and a vehicle  using 15 metric tons of propel lant  mu ld  consume 150 kg of 

enriched uranium. The RBR w i l l  operate  a t  a b u t  t h e  same temperature a s  the  
d u s t  reactor  i n  the above a m p l e ;  but by using coated fuel  p a r t i c l e s ,  the 

e f f ec t ive  f u e l  vaporization r a t e  should be reduced t o  negl ig ib le  leve ls .  The 

vapor pressure of K a t  3500°K is approximately 2000 N/m2 (1/40 a m )  which 
should not overly stress the particle s h e l l .  

?he principal  advantage of RBR over the conventional solid-core nuclear 
rocket is the  increase i n  e q i n e  thrust-to-weight r a t i o  from 2.4 t o  6.5. The 
RBR is i n h e r e n t l y  l i g h t e r  because o f  its improved h e a t - t r a n s f e r  
c h a r a c t e r i s t i c s  and reduced core fuel  loading, and t h i s  advantage becomes even 
more pronounced with increasing pwer levels. For instance,  a 6 . S G  RBR 

generating a th rus t  of 1.8 MN would have an estimated t!!rust-to-weight r a t i o  
of 17 while a NERVA-type rocket of t h i s  size would be hard pressed to produce 
a thrust-to-weight of 4. Ihe technical r i sks  of the RBR r e l a t e  t o  t!!e f a c t  
t h a t ,  u n l i k e  the NERVA concept, the RBR has  never had its c r i t i c a l i t y  and heat 

t r ans fe r  tes ted.  This should be a straightforward t e s t  p r g r a n  but every 
previous nuclear propulsion program has encountered surpr ises .  Key t echno lqy  
requirements a re  (1) developnent of the superhigh temperature fuel  elements 
desired and (2) developnent of fue l -handl iq  techniques and equipnent to fue l  

and unfuel and a reactor core in o rb i t .  

2 

2.2.3 Liquidxore  Nuclear Fbcket  

For nuclear rocket performance beyond 1000 t o  1200 sec, it  is necessary 
for the core t o  operate  above the melting point of any known fuel  elements. 

The f i r s t  s t ep  toward t h i s  improved performance w u l d  be to operate w i t h  a 
l iqu id  core,  where the upper temperature l i m i t  would be set by the vapor 
pressure (b0ilim-g p i n t )  of the fuel  ra ther  than the melting p i n t .  Ihe bes t  
l iqu id  fuel  would have a low meltinq p i n t ,  t o  allow containment of the  
melting f u e l  with ava i lab le  s t ruc tu ra l  mater ia l s ,  and a high boi l ing p i n t ,  t o  
maximize performance before fue l  vaporization losses mount. 

F'urthermore, a l iquid f u e l  mixture should be able  t o  contain f i ss ionable  
mater ia l s  in  f a i r l y  uniform solut ion t o  avoid separat ion of  i n i s c i b l e  
l iqu ids .  'Ihe logica l  candidate fuel  is a mixture of uranium carbide (UC2) 

w i t h  zirconiun carbide (ZrC)  for which da ta  were presented in  the previous 
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sec t ion .  A reasonable mixture  w u l d  melt about 3500°K and operate  up t o  about 
4800°K, the  temperature a t  which the uraniun carbide would begin t o  bo i l  out  
of the mixture. 

E f f i c i en t  heat t ransfer  a t  high power d e n s i t i e s  requires the propel lant  

gas  to be b u b b l d  through the hot l i qu id  fuel.  The bes t  concept proposed for  
accomplishing t h i s  is a ro ta t ing  cavi ty  core surrounded by an external  

r e f l ec to r .  This is iden t i ca l  to the rotating-bed reactor  discussed i n  the 
l a s t  sec t ion  except the f lu id ized  bed is replaced by molten fue l  ard the 

hydrogen propel lant  is bubbled r a d i a l l y  inward. The ro ta t ing  l i qu id  core 

d i f f e r s  from the RBR i n  that the propel lant  flow per u n i t  area is much more 
l i m i t e d  because  of  problems wi th  f r o t h i n g  and l i qu id -vapor  e n t r a i n m e n t  
(ref. 2-20). 'Ib counter t h i s  problem, i t  has been p ropsed  ( r e f .  2-21) t h a t  

the liquid-core rocket cons i s t  of  mul t ip le  ro ta t ing  cy l inders  to increase the  
flow area (see Figs. 2.2-12 and -13). It is also necessary t o  operate a t  high 
pressure (100 a m )  t o  maintain the  high flow r a t e s  without the use of excess 
cen t r i fuga l  forces  ( r e f .  2-22). 

I\\ 

COOLED VNPRESSURU E 0 

COOLED NOZZLE 

~ A C O N I U M  HYDRIDE L!OOERATOR MATRIX ~COOLEDI 
ROTATING FUfL ELEMENT (SEE FIC.2) 
BERYLLIUM RLfLECOf? I PROPELLANT COOLED 

FiQvnr 22- I2: Mutt idemt  Liquid-bm Nuclsar Racket 

The maximum propel lant  temperature gain available through use of l i qu id  
instead of so l id  fue l s  is about 1000°K. Although t h i s  is not l a rge ,  it is 

s i g n i f i c a n t  i n  terms of spec i f i c  impulse because t h i s  is the temperature 
regime where molecular d issoc ia t ion  and recombination of hydrogen becane very 
i m p r t a n t  as an energy source to the expanding gas in  the rocket nozzle. Ps 
discussed previously,  t he re  a r e  51,700 g-cal/g of energy ava i lab le  when 
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MODERATOR MATRIX 
COLD PROPELLANT 
FROM REFLECTOR 

TO FUEL \ RINSPIRATION-  
OOLEO SURFACES 

ALUMINUM SHR 

MODERATOR 

Figure 2.2- 13: Typical Fuel Element for Muitielemnt Liquid-Core Reactor 

dissociated atomic hydrogen recombines. If the f u e l  is hot enough t o  

d i s soc ia t e  molecular hydrogen, the energy of d i ssoc ia t ion  is absorbed f ran  the  
fue l  and becomes ava i lab le  to  the propel lant  as i t  expands i n  the nozzle flow. 

For e x k p l e ,  a t '  4500°K, hydrogen jt a few atmospheres pressure can yield a 
s p e c i f i c  impulse of 1600 sec, near ly  twice tha t  a t t a i n a b l e  from 2500°K gas 
(see Fig. 2.2-14). 

Pro)dlant specific tmpulw !,,, YC 

Figurc 2.2- 14: h u m  Temperature Depmdence of Kinetic Equilibrium 1- 
for Hydropn Ptopellmt Flow l k w # ~  a Finite Nozzle 
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There appear to be many formidable technical  r isks for the liquid-core 
nuclear rocket. Chief among these is the po ten t i a l ly  high fuel-loss r a t e  
caused by high vapor pressures and vapor-liquid entrainment a t  high propel lant  

flow ra tes .  Reference 2-21 d i scusses  these problems a t  sane length and 
concludes tha t  e v a p r a t i o n  of the fuel elements w i l l  l i m i t  the spec i f i c  
impulse ava i lab le  t o  approximately 1500 sec (see Fig. 2.2-15). The mult iple  
cy l inder  design shown in Figure 2.2-12 opera tes  a t  a d i l u t i o n  r a t i o  (moles 

ZrC/moles UC2) of about 500 which results i n  a fuel- loss  r a t i o  (MU235/MH2) of  

3200 3600 4000  4400 4800 YAXlYUY TEYPERATURL Tc (OK) 

Figure 2.2- 15: w i f i c  Jmpulse Optimization of Liquid-Core Nuclear Rocket 

approximately 1/5000. A t  the pressures and flow r a t e s  per uni t  area used in  
the sanple point design, the vapor-liquid entrainment losses  w i l l  be a small 
percentage of the evaporation losses ( r e f .  2-20). The m i n t  design engine in 
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reference 2-21 had an engine thrust-to-weight of just over 1 for a t h rus t  of 

35 kN and a spec i f i c  impulse of 1500 sec. This etqine operates a t  a pressure 

of 190 atm an3 an o u t l e t  temperature of 4800°K. 
Other technical r i sks  for this concept include: 

a. S ta r tup  an3 shutdown where the core must undergo changes of s t a t e  
from sol id  to l iquid and vice versa 

b. C o o l i q  of the core containment s t ruc tu re  durirq fue l  so l id i -  
f i ca t ion  

c. Contamination caused by l a c k  of containment of f i s s i o n  products 

d. Reuse an3 re fue l i rq  of a reactor  core which loses an amount of 
uranium equal to  its c r i t i c a l  mass each mission 

Until these r i s k s  a re  resolved or a t  l e a s t  quant i f ied ,  t h i s  concept 
should be held in  abeyance. 

2.2.4 Gas-Core Nuclear Rocket 

The ultimate s t e p  i n  increasing the performance of a n x l e a r  f i s s i o n  
thermcdynamic rocket is use of a gas-core nuclear reac tor ,  where the f u e l  iS 
maintained a s  a f iss ioning plasma w i t h  a surface temperature of approximatdy 
10 ,  OOO'K an3 an i n t e r i o r  plasma temperature approaching 10O,00O0K. A t  these 

t empra tu res ,  the plasma rad ia tes  l i k e  a black body and the reactor  energy is 
transferred to the propel lant  primarily by radiat ion.  In theory t h i s  concept 

could achieve very high spec i f i c  impulses for  a reasonable engine size and 
weight. 'Pm gas-core engine concepts have emerged a s  pr inc ipa l  candidates: 
the open cycle or coaxial flow gas-core concept ard the closed cycle or  
nuclear l igh tbulb  gas-core concept. Both concepts a re  characterized in  the 
following subsections. 

2.2.4.1 Open-Cycle Gas-Core R o c k e t  

Description. In the own-cycle gas-core rocket,  (Fig. 2.2-16) , the  
u ran im plasma is confined by the envelopirq flow of the hydrogen working 
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OPTlONM HEAT 
EXCHANGER LOOP 

) I  H 
Figure 2.2- 16: Conceptuat Open-Cycle Gas-Core Rocket Engine 

f l u i d  which has  been seeded with suhnicrometer-sized carbon or tungsten 
particles t o  absorb 99+% of the thermal radiat ion to  pro tec t  the  reac tor  
walls. The cavi ty  containing the fue l  an3 propel lant  is surrounded by a 
moderator region t o  r e f l e c t  the neutrons created by the f i s s i o n  process back 
in to  the cavi ty  to sus ta in  the nuclear chain reaction. ?he hot hydrogen, 
alorq with the seed mater ia l  and a small quant i ty  of unburned fuel  an3 f i s s i o n  
products, is exhausted through a transpiration-cooled nozzle to provide 
th rus t  . 

Extensive analyses of t h i s  concept were conducted during the late 1960's 
and ea r ly  1970's to  optimize erqine size, pressure,  s p e c i f i c  impulse, etc. 
( r e f s .  2-23 through 2-29). A representa t ive  configurat ion ( r e f .  2-30), shown 
schematically in  Figure 2.2-16 might have a spher ica l  ca;ity almost 4m i n  

diameter containing 50 kg of uranium 233. The reactor  w u l d  generate 22 GW of 
thermal energy, which would be t ransfered t o  100 kg/sec of hydrogen, resu l t ing  

i n  a t h rus t  of 1800 kN a t  a s p e c i f i c  impulse of 1800 sec. The pressure 
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2.2.4.2 Closed-Cycle Gas-Core Nuclear Rocket 

D e s c r i p t i o n .  The  n u c l e a r  l i g h t b u l b  engine ,  a s  c u r r e n t l y  d e f i n e d ,  

Each cavi ty  contains  3 c m p r i s e s  seven separate  un i t  c a v i t i e s  (Fig. 2.2-18). 

OI 

w 
CROCELLAYT REGION 

FUCL RCGIOW 

W T U R E S  
oISP * 1,500 -2,500 SECS 

INITIAL T/W - 1.0 
RISKIFEASIBILITY ISSUES 

TECHNICAL FEASi81L1TY OF "8ULB" CONCEQT 
0 SURVIVABILITY OF 0,12 MM GLASS WALL AT 500 ATM 
*S€ED MATERIAL ADHERING TO GLASS WALL 

Fiwre 2.2- 18: Nuclear Li@t Bulb Rocket Features and Risks 

cen t r a l  region of f iss ioning uraniun plasna which heats  seeded hydrogen 
propel lant  by thermal radiat ion as in  the open-cycle erqine. However, an 

in t e rna l ly  cooled transparent wall has been added between the fue l  and the 
propel lant  regions. 'Ihe f u e l  plasma m u l d  be isolated from the t ransparent  
wall by a neon vortex. The neOn flow would pass t h r o q h  ports located a t  the  
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(ru SPECIFIC lMPULSC 

I 

(8) ENGINE W E l M .  
FiFm 2.2- 17: Gas-Core Engine Weight and aecif ic Impulse 

Recommendation. P r e l i m i n a r y  performance d a t a  i n d i c a t e  t h a t  t h e  
open-cycle gas-core rocket is too heavy and too expensive to operate to be 

canpet i t ive  in the cur ren t  mission model. Even i f  missions were much l a r g e r  
i n  scope ,  many unanswered q u e s t i o n s  remain concern ing  t h e  t e c h n i c a l  
f e a s i b i l i t y  of t h i s  concept. Scme resolve3 technical  issues a r e  listed below: 

. appropriate  seeding to pro tec t  e q i n e  -11s 

. rad ia t ion  fran the f i s s ion  fragments in  the plune 

. uranium loss rate 

. e q i n e  t h r o t t l a b i l i t y  

For these reasons the open cycle gas core  rocket should mt be pursued 
fur ther  a t  this t i m e .  
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Figure 2.2- 19: Technology Boundaries for Nuclear Light Bulb Engine 

thin wall m u s t  span a dis tance of Lm t o  2n and m u s t  w i t h s t a d  a very severs 
neutron flux plus the acoustic environment in  a la rge  thrust chamber operating 
a t  500 am.  In addi t ion,  i f  just one p a r t i c l e  of seedim material  added t o  
the propellant flow adheres to  the transparent wall, the wall w i l l  melt 

throuqh a t  that  point.  
These two problems appear unsolvable using current  or extrapolated 

advanced technologies. 
For this reasons, the nuclear l igh tbulb  rocket does not appear feas ib le .  

A pr inc ipa l  operat ional  consideration for any nuclear rocket concept is 
the impct of neutron and 3”3 -  ray rad ia t ion  on the vehicle  a d  its payload. 
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c e n t e r l i n e  of the end -11 of each cavi ty  t o  a fue l  recycle system where the 

u ran im entrained in  the neon w u l d  be condensed t o  its l iqu id  s t a t e ,  
cen t r i fuga l ly  separated from the neon, and pumped back in to  the  fue l  region. 

The reference engine (Fig. 2.2-18 frcm ref .  2-33) has a t o t a l  volune of 
3 4 . 3  m . 7?1e total  anount of fuel  contained within the seven c a v i t i e s  muld be 

approximately 14 kg, a d  the  designed power l eve l  would be 4600 EUIW. The 
cri t ical  mass of the l igh tbulb  reactor  wuld  be less than tha t  for  the  

open-cycle reactor because of the  reduced erqine size and the  bene f i c i a l  
e f f e c t  of the moderating walls between the unit c a v i t i e s .  'Ihe t o t a l  pressure 
in  the engine cav i ty  was estimated to be 500 atm. A propel lant  flow r a t e  of  
22 kg/sec w u l d  be heated to 6670°K, providing a s p e c i f i c  impulse of 1870 sec, 
The r e s u l t i r q  engine thrust would be 410 kN. The engine total mass w u l d  be 

approximately 32,000 kg with the following breakdown: 

Moderator (graphi te  ard b e r y l l i m  oxide) 12,000 kg 

Pressure vessel  ( f  ilament-wound f ibe rg la s s )  14,000 kg 

Turbpunps 1,500 kg 

Miscellaneous ( includes fuel recycle system) 4,500 kq  

Total  32,000 kg 

The t echno logy  boundar ies  of  t h e  c losed -cyc le  n u c l e a r  eng ine  a r e  
sumnarized in  Figure 2.2-19 from reference 2-34. The reference erqine design 
p i n t  was chosen to provide the highest  s p e c i f i c  impulse ccmpatible w i t h  
regenerative cooling (no space rad ia to r ) .  The la rge  uncertainty in  erqine 
t h r u s t  to weight a t  higher temperatures is due to the uncertainty in  w i g h t  of 

the space rad ia tor .  The lower l i n e  assunes the  rad ia tor  has meteoroid 
pro tec t ion  s u f f i c i e n t  fo r  deepspace  mission t i m e s  Mi le  the upper l i n e  
a s s m e s  no meteoroid protect ion.  

Recommendation. In theory, the nuclear l igh tbulb  erqine o f f e r s  the  
p o s s i b i l i t y  of per fec t  containment of nuclear fuel  because of its i n t e r n a l l y  
cooled t ransparent  wall between fue l  a d  propel lant  an3 because of its fue l  

recycle system. In f a c t ,  however, the thermal rad ia t ion  which m u s t  F S S  

through the transparent wall wuld  be very intense (27 .6  kW/an2) and even the 

best wall mater ia l  absorbs a b u t  1% of the  energy t ransmit ted;  therefore  the  
wall m u s t  be extremely th in  (0 .12  mm) t o  keep from melting. This extremely 
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required i n  the cavi ty  t o  reach adequate fue l  d e n s i t i e s  in  1000 atm and the 

fuel-loss r a t e  w u l d  be on the order of 0.5% of the propel lant  flow r a t e .  '%e 
moderator/reflector surrounding the cavi ty  w u l d  be cmposed of bery l l iun  
oxide, w i t h  a t o t a l  thickness of 76 cm. The t o t a l  mass of ths configurat ion 

was estimated t o  be 128,000 kg wi th  t h e  fo l lowing  mass breakdown: 
moderator/reflector,  55,000 kg; pressure s h e l l ,  63,000 kg; turbopump, 9000 kg; 

a d  exhaust mzzle s t ruc tu re ,  1000 kg. The reference erqine above has a 
thrust-to-weight r a t i o  of 1.42. 

The opn-cycle  reactor r e l i e s  on f lu id  mechanics phenomena to provide 

p r e f e r e n t i a l  conta inment  of t h e  gaseous  nuc lea r  f u e l .  Tests  t o  d a t e  
( r e f s .  2-30 through 2-32) ind ica te  tha t  aerodynamic confinement w i l l  r e s u l t  i n  

a uranium mass flow r a t e  of 1% t o  2% of the propel lant  mass flow. In 
addi t ion ,  every time the enqine is s t a r t ed  and stopped, the e n t i r e  cri t ical  
mass inventory (50 kg) w i l l  be l o s t  out tihe nozzle. ilence, a normal 
geosynchronous Earth o r b i t  (GEO) de l ivery  mission using a qas-core rocket 

w i l l  consune 600 to  1000 kg of 98% enriched U233 worth $100 mi l l ion  or more. 
'The upper l i m i t  on spec i f i c  impulse for a gas-core reactor  w u l d  be 

determined by either: (1) the hydrogen flow r a t e  necessary to keep the Be0 

moderator below 2500°K (7% t o  8 %  of the t o t a l  reactor  pwer goes into the 

moderator in the form of high energy neutrons) or (2) the maximun propel lant  
t empra tu re  for vhich the mzzle throat  can be kept i n t ac t .  Criteria nunber 

(1) can be overcane by usiilg a heat-pipe s p a c e r a d i a t o r  to  dispose of waste 
heat  not regenerat ively removed by the hydrogen propel lant  as shown i n  Figure 
2.2-16. C r i t e r i a  number (2) is much harder to quant i fy  s ince  the heat  
t r ans fe r  ra te  to the nozzle wall is a function of boundary layer thickness,  

t ranspi ra t ion  coolant in jec t ion ,  a d  s e e d i q  rate .  Figure 2.2-17 taken from 
reference 2-26, ind ica tes  that a spec i f i c  impulse of 5000 sec (Tc = 22,000°K) 
is the upper l i m i t .  More recent ana lys i s  of laser-qenerated plasmas i d i c a t e s  
t h a t  a maximun s p c i f i c  impulse of 1500 t o  2000 sec might be more reasonable. 
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The four basic ways in  which reactor  rad ia t ion  can cmpranise  the f e a s i b i l i t y  
o r  performance of a nuclear rocket vehicle  a r e  as follows: 

a.  E q i n e  components i n  or near the  reactor  can overheat from 
absorbed rad ia t ion  energy. 

b. Neutron and ganrmb-ray integrated f lux  during a mission can 
result in  prohib i t ive  rad ia t ion  damage to sens i t i ve  erqine 
or avionics  compnents. 

c. Energy deposi t ion in  the propel lant  can lead to boi loff  or 
to punpinlet  boiling, espec ia l ly  in  the  case of l i qu id  
hydrogen propel lant .  

d. Tne t o t a l  rad ia t ion  dosage to the payload ( p a r t i c u l a r l y  i f  
manned) can be unacceptable. 

me first three problems imply design l imi t a t ions  and r e s u l t  in minimun 

sh ie ld i rq  and coolirq requirements for each nuclear rocket concept. They a r e  
unavoidable requirements an3 not operat ional  issues .  The l a s t  problem of 

r ad ia t ion  dosage t o  the payload can be approached many ways a& is therefor2  
an appropriate  operat ional  issue.  Unfortunately, t h i s  i s s u e  cannot be 

addressed without usirq a de t a i l ed  vehic le  d e f i n i t i o n  and a f a i r l y  detailed 
mission model. This makes it a Task 2 configurat ion design i s s u e  a d  it will 
be addressed in  Volume I1 of t h i s  study. It should be noted t h a t  the  
shielding penalty required for mannd payloads appears t o  be qu i t e  minimal 

a d  t h a t  the nuuclear rockets ( i n c l u d i q  a l l  sh ie ld ing)  appear to  be the only 

advanced propulsion concept with s u f f i c i e n t  thrust to weight t o  prfonn manned 
missions. 

Other po ten t i a l  considerat ions include the problem of containment and 

d i spos i t i on  of radioact ive byproducts of a f i s s i o n  or fusion reactor. I f  the  
byproducts are retained in  the reactor and the  e q i n e  is reusable,  adequate 

shielding m u s t  be provided to pro tec t  nearby personnel f ran  the gama-ray f l u x  
generated by decay products. If the byproducts a r e  not retained but a r e  mixed 
with the propel lant  gas ,  as  in  the liquid-core, gas-core, o r  pulsed rocketsl 
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the f i n a l  d i spos i t ion  of t!!ese radioact ive mater ia l s  m u s t  be determined and 
the r e su l t an t  heal th  hazard assessed. 

If the decay products a re  retained in  the reactor ,  a s  i n  the case of 
NERVA, then reference 2-35 indicates  the maximun allowed dose of gama 
radia t ion  (25 rad) could bs obtained a t  a d i s tance  of lOOm i n  1 hr  even i f  the 

reactor nad been shut  down fo r  1 day. This radia t ion  problem indicates  t h a t  a 

 sed reactor  core  w i l l  probably not be allowed near any manned base unless t h e  

fuel elements have been removed. 
If the decay products a re  mixed with the propel lant  during thrus t ing ,  tm 

thiqs happen: (1) the payload is exposed to gama radiat ion fran the f i s s i o n  

fragments i n  the plume ard (2) approximately ha l f  of t5e f i s s i o n  fragments 
enter the Earth 's  upper atmosphere ( fo r  geosynchronous de l ivery  missions) .  
Reference 2-36 discusses t h i s  plune rad ia t ion  problem in sane depth a d  
determines t h a t  5 an of lead s h i e l d i q  is more than adequate t o  pro tec t  a 
manned capsule during a f a s t  mrs mission using an open-cycle gas-core 
reactor.  A GEO de l ivery  mission generates less than 1% of the f i s s i o n  
fragments generated duriry the Mars mission and w u l d  probably require no 

sh ie ld i rq  beyond t h a t  required for the  Van Allen bel t  a d  so l a r  rad ia t ion  
fluxes. 

Approximately 1 kg of f i s s i o n  fragments w i l l  reenter the Earth's upper 

atmosphere for every 180 metric tons of payload del ivered t o  CEO u s i q  an 
open-cycle gas-core rocket (180 metric tons equals 6 s o r t i e s ) .  Assuniq 180 

tons per year a s  a' GEO de l ivery  r a t e ,  use of an open-cycle nuclear rocke t  

would r e s u l t  i n  less than one addi t ional  cancer death per year according to 
Figure 2.2-20 fran the Space Disposal of Nuclear Waste Study ( r e f .  2-37). For 

canparison, it has been estimated t h a t  10,000 to 20,000 addi t iona l  lung cancer 
deaths per year could be caused by radon gas  buildup i f  a l l  homes in  t h i s  
country a r e  weatherstripped to cur ren t ly  recommended standards. 

In s m a r y ,  a preliminary analysis  of the operat ional  issues of nuclear 

rockets indicates  that reactor  radiat ion will be a problem, but there  appear 
to be m unsumuntab le  problems with respect to operating a nuclear rocket in  
c is1 mar space. 
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2.3 Nuclear Fiss ion Pulse Propulsion 

Background. Nuclear f i s s ion  p l se  propulsion was studied extensively 3s a 
space t ranspor ta t ion  device from 1958 un t i l  1965 under project Orion. An 

i l l u s t r a t i o n  of the NASA @ion vehicle ,  sized for compatibi l i ty  with the 
Saturn V launch vehicle ,  is sbwn in  Figure 2.3-1. 

APG-071 

I I 

I ! ill 

PER FOAMANC E 

OPERATIONAL 
CAPABlLlTY 

RISKIFEASIBILlPf 
ISSUES 

This vehic le ,  a c c o r d i q  t o  

DIAMETER OF 
ENGINE T m - 4  PUSHER P U T €  

VERY LONG LIFETIME 
CAN BE MAINTAINS* ....-- 
OPERATION BELOW GEO QUESTIONABLE 
(PROJECT STARFISH1 

DATA BASE BELIEVED GOOD 
[ C U S l F  IED) 
NUCLEAR TEST BAN TREATY 
PROHIBITS TESTING 
HIGH DEVELOPMENT COST 
MOOERATE RADIATION HAZARD 

T i l l s  CONCEPT HAD THE BEST ALL-AROUND PERFORMANCE 
OF ANY CONCEPT EXAMINED, BUT FEASlelLlTY FOR NEAR 
EARTH MISSIONS NEEDS FURTHER INVESTIGATION. 
THIS CONCEPT RECOMMENDED FOR FUTUBE STUDY 
CONSIDERATION 

Figum 2.3- 1: Summary of Nuclear Fission Pulsed Rocket (Orion) Characteristics 

reference 2-38, would be capable of c a n p l e t i q  a manned Pbrs su r faceexcur s ion  
mission from a s ing le  Earth launch, us ing  a Saturn f i r s t  stage.  For t h i s  

mission, the nuclear pllse propulsion would begin suborb i ta l ly ,  s t a r t i n g  a t  an 
a l t i t u d e  grea te r  than 100 km (50 mi). 'Ihe vehicle  shown has an estimated 
specific impulse of 2500 sec, a dry mass of 90,000 kg (200,000 lb) , and an 
e f f ec t ive  th rus t  level of 3,470,000N (780,000 l b f ) .  

Description. 

is extensive, although most of i t  is st i l l  c l a s s i f i ed .  

?he data base for the nuclear f i s s ion  plse propulsion concept 

Reference 2-39 is an 
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exce l len t  h i s t o r i c a l  review of nuclear pulse propulsion and the source of most 
da ta  presented here. The propulsion concept itself is qu i t e  simple, a l t h o q h  
its design and operation can become exceedingly complex. 

The t h r u s t  operat ion begins w i t h  the  e j ec t ion  of a pulse un i t  (i.e., 

nuclear charge) from the vehicle  bcdy and its detonat ion beneath the 
vehicle  t o  c rea t e  a cloud of rapidly exparding debris .  A port ion of the  
deb r i s  w u l d  be intercepted by the base of the vehic le ,  t ransfer ing  manentun 

and providing th rus t .  
6 The expansion ve loc i ty  of atonic explosion may be in  excess of 10 m/sec; 

therefore ,  i f  a la rge  majori ty  of the pulse uni t  debris could be d i r ec t ed  
toward the vehic le  base plate, a s p e c i f i c  impulse approaching l o 5  sec should 
be possible.  For obvious econanic reasons, it would be better to  reduce the  

average expansion ve loc i ty  of the debr i s  by loading the pulse un i t  with cheap 

radiation-absorbirq propel lant  which w u l d  increase the  vehic le  t h r u s t  and 
reduce rad ia t ion  damage a t  the expense of a higher launch mass. Lead, 

turqsten,  ard polyethylene a r e  cardidate  propel lant  mater ia l s .  

In t e rac t ion  t i m e  between the  expanding plasma debr i s  and the  vehic le  base 
p l a t e  of a "a mill isecond o r  less" is quoted in  reference 2-39. Hence, t h e  

t o t a l  in te rac t ion  time ( r e su l t i ng  from the detonat ion of a l a rge  nunber of 
pulse  un i t s )  for  a l l  propulsive phases of a mission would be on the  order of 1 

sec o r  less. This short period ard the  high manentun t r ans fe r  involved m u l d  
result in  excessive shock loading to the  vehic le  s t ruc tu re ;  therefore ,  a 
special "pusher plate"  muld be deployed below the vehic le  h i c h  could be set 
into instantaneous motion by the expanding debr i s .  This pusher p l a t e  w u l d  be 

gradual ly  slow& by s h o c k  absorbers (which spread out the m e n t u n  pulse to 

the  vehicle)  ard returned to its s t a r t i q  point  ready for the next pulse. In  
theory,  it should be pss ib l e  to snooth out the manentum pulses t o  the point  
where the  vehic le  proper would experience only gradual var i a t ions  in  t h r u s t  
t ransmit ted by tle shock-absorber system. 

The pusher-plate surface w u l d  be subject to  very hot  (-80,000°K) debris 

along with the  high shock loading, and prevention of sur face  erosion or 
spalling w u l d  be a major design issue. hkrk by General A t o m i c  ( r e f .  2-39) 

indicated that a t h in  coat  (-25,um) of s i l i c o n e  grease on an aluninun pusher 
p l a t e  could e f f ec t ive ly  el iminate  pusher-plate ablat ion.  The repor t  a l so  
s t a t e s  t h a t  cor rec t  shaping of the pusher p l a t e  thickness m u l d  prevent the  
p l a t e  from being destroyed by shock waves caused by the  impact loading. ?he 
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ideal pusher-plate would be tapered in  thickness,  becmirrg thinner toward the  
sdq es. 

The shock-absorber system designed by the Orion team consisted of tm 

parts .  Imnediately ahead of the  pusher p l a t e  was a series of to ro ida l  
3as-f i l led bags *ich absorbed the i n i t i a l  manentum pulse and corrected for 
off-axis detonations.  These Sags served a s  the primary shock  absorber and 
t ras fer red  the m e n t u m  t o  a set of telescoping pleumatic pis tons hhich served 
a s  t5e secondary shock absorber (see Figure 2.3-1). The natural  period of t h e  
secondary system was about an order of mqnitude longer than the primary 

system ( r e f .  2-40), 
Immediately following the impact of the @=-unit debris, the pusher 

p l a t e  would move toward the vehicle  and its energy w u l d  be gradual ly  
d i s t r ibu ted  between the vehicle  ( a s  k ine t ic  energy) and the shock  absorbers 

( a s  po ten t ia l  energy). After the r e l a t ive  motion between khe pusher p l a t e  and 
the vehicle  had been a r r e s t ed ,  the  motion would reverse ard the p t e n t i a l  
energy stored in  the shock absorbers would be transfered t o  the vehic le  
proper. ?he pusher p l a t e  should a r r ive  a t  its s t a r t i n g  p i n t  with its i n i t i a l  
ve loc i ty  reversed (no damping), a t  wbich t i m e  the next detonation occurs,  
reverses the pshe r -p l a t e  ve loc i ty ,  and repeats the cycle.  Damping of the 
pusher-plate motion appears t o  be impractical ,  due to  large amounts of energy 
which m u l d  have to be diss ipa ted  in the dampers, so a simple harmonic system 

was chosen, It  w u l d  appear t o  be advantageous to have special "undersized" 
pulse units ava i lab le  to  start and stop each propulsion in t e rva l  without 
o v e r s t r e s s i n g  t h e  shock-absorber u n i t s .  D e t a i l s  of  t h e  shock-absorber  
ana lys i s  can be found in  reference 2-40. 

Tne vehicle  is sized by the  c h a r a c t e r i s t i c s  of nuclear charges. I h e  

snaller an e f f i c i e n t  nuclear charge could be b u i l t ,  the smaller the  vehic le  
could become. Atomic w a p n  technology i n  1965 l imited the Orion vehic les  to 
charges equivalent to about 100 tons of "I! i'f e f f i c i e n t  ~ l s e  of plutoniun was 
desired,  Today's technology is able  to  produce much snaller, e f f i c i e n t  
nuclear charges ard this could have very benef ic ia l  e f f e c t s  on vehic le  s ize  
and on perceived nuclear contamination. Unfortunately, da ta  required t a  

assess  the e f f e c t s  of current weapon technology on Orion-type vehic les  a r e  
classified putting i t  beyond the scope of t h i s  study. 

The performance ava i lab le  with an Orion-type vehicle  f a r  exceeds that of 

any other concept s i n g  near-term technology. Unfortunately, however, the  
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same grounds used in  1965 t o  terminate the o r ig ina l  Orion pro jec t  are  still 

va l id  today. For instance: 

a.  'Ihe l a rge  size ard power of the vehic le  made fu l l - sca l e  

tests d i f f i c u l t  and very expensive ( f i n a l  testirq i n  
space required).  

b. The 1963 nuclear-test-ban t r e a t y  s p e c i f i c a l l y  excllded 
nuclear explosions in  the  atmosphere or  in space. 

c. No s p e c i f i c  mission exis ted h i c h  demanded such a l a rge ,  

high-performance system. 

In addi t ion,  d i scuss ions  w i t h  some of the p r inc ipa l s  involved in  the 1965 
studies (F. Dyson and C. Schwenk) indicate  several  quest ions remained open a t  
t!e conclusion of these s tud ies .  Spec i f ica l ly ,  quest ions remained about t!!e 
l i f e t ime  of the pusher-plate surface since it  ( i n  grounj tests) had never been 
exposed to debr i s  from a nuclear explosion, only chemical explosions; and 

there  remained se r ious  reserva t ions  a b u t  the e f f e c t  t h i s  vehic le  would have 
when i t  i n j e c t e d  l a r g e  masses o f  i o n i z e d  m a t e r i a l  i n t o  t h e  

ionosphere/magnetosphere. 
For these reasons the pulsed nuclear rocket was not ca r r i ed  any fu r the r  

i n  this study. I-bwever, it is recomnended t h a t  i n  the near fu tu re  another 
s tudy be funded h i c h  m u l d  s p e c i f i c a l l y  address the issues of higk-energy 
nuclear propulsion, i n c l u d i q  the  nuclear ( f i s s i o n )  pulse rocket. "he 
po ten t i a l  advancement in  propulsion capab i l i t y  a t  the high-energy l e v e l s  
ava i lab le  is too g r e a t  to ignore. 

2.4 Fusion Wckets  

Background. ?he recent signing of the fusion research b i l l  has ccmmitted 
a b u t  $20 b i l l i o n  to  the  research and developnent of ground-based fusion power 
through the year 2000. In f a c t ,  the  plan is to  rave a cmercial-sized fusion 
test reactor  i n  operat ion by that year. A l a rge  port ion of these furds w i l l  

be spent on developing components and technologies a lso appl icable  t o  fusion 
rockets. Without this l a rge  nat ional  e f f o r t  on ground-based fusion,  there 

37 



would be l i t t l e  hope for  a wrk ing  fusion r o c k e t  in the foreseeable future .  
This would be unfortunate because a l l  analyses indicate tha t  on ly  fusion 
rockets  (or pllsed f i s s ion  rockets) can o p r a t e  a t  the pwer l eve l s  necessary 

to perform reasonable length  manned missions to the outer so lar  s y s t m  (beyond 
!Mars) . 

Description. 
to  achieve reasonable fue l  burnup. 

%e two accepted so lu t ions  a r e  magnetic confinement and i n e r t i a l  confinement. 
Magnetic confinement uses magnetic f i e l d s  t o  control  a d  ccmpress the 

plasma fue l  and to  d i v e r t  bot ,  burned fuel  into a magnetic nozzle here  i t  can 
be d i lu t ed  with a propel lant  gas and expelled to produce thrus t .  

I n e r t i a l  confinement is based on compressing a s o l i d  f u e l  p l l e t  so 
rapidly tha t  shock h e a t i q  a t  the center i n i t i a t e s  a fusion reaction which 

runs ta m p l e t i o n  before the outer  layers  of the p l l e t  can be blown out of 
the way. This is done by h i t t i n q  a spher ica l  t a rge t  with a precise  
h igbenergy  ”driver” pulse of l i g h t  o r  charged pa r t i c l e s .  The outer  s h e l l  of 

the t a rge t  is vaporized ard as it rushes outward ( a b l a t i o n ) ,  the remainder of 

the t a rge t  is canpressed inwards (implosion). W i t h i n  nanoseconds, the  
imploding ta rge t  is compressed and heated to fusion ign i t ion  temperatures. 
Fusion goes rapidly toward ccmpletion, and the t a rge t  explodes l i k e  a 
miniature hydrogen bomb. A series of explosions can dr ive  a space vehic le  
forward by the pusher-plate/momentun conditioner method described in  sect ion 

2.3. 

A fusion reactor m u s t  keep its fuel  plasma in  a l i m i t e d  vo lme  
This is known as  the confinement problem. 

The other fusion problem to be addressed is the cnoice of fuel.  There 
are four fusion react ions within the capabi l i ty  of near-term fusion reactor 
technology. ?hey are:  

a. D + T-+He4 + n + 17.59 MeV 

b. D + D 4 T  + p + 4.03 MeV 

c. D + D-He3  + n + 3.27 MeV 

3 d. D + H e  3 He4 + p + 18.35 MeV 
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The probabi l i ty  of any of these reac t ions  occurring inside the 
reactor  is determined by the fusion cross-section measured i n  barns 

cm ) .  ?he fusion cross-section a s  a function of p a r t i c l e  energy fo r  these 

reac t ions  ( a d  one of the more in t e re s t ing  less l i k e l y  ones) is shown i n  
Figure 2.4-1. As can be seen, the react ion h i c h  is by f a r  the e a s i e s t  t o  
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Fiprn 2.4- 1: lmportsnt Fw*on CrerS-Sections 

i g n i t e  (low energy a t  peak cross-section) and contain (large cross-section 
r e q u i r e s  lower number d e n s i t y )  is r e a c t i o n  a ,  deu te r ium p l u s  tritium. 
Unfortunately, while deuter iun is readi ly  ava i l ab le  an3 reasonably cheap, 
tritium does not occur in ' na tu re ,  is extrenely radioact ive with a ha l f - l i f e  of 
1 2  years,  and, a s  such, cannot be s tored for long periods. In addi t ion,  every 
D + T reac t ion  results in  a 14 MeV neutron which carries of f  80% of t h e  
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avai lab le  energy and depos i t s  it in the worst pss ib le  places  (e.g., magnet 
windinqs, payload, nearby manned habitats, e t c , ) .  Since 4 f l  shielding with its 
requ i r ed  r a d i a t o r s  would be p r o h i b i t i v e l y  heavy, i t  appea r s  t h a t  t h e  
deuterium-tritium react ion is not well s u i t e d  to f u s i o n  rockets and nay not be 
f eas ib l e  a t  a l l  for magnetically confined rocket concepts. Because a D + T 

reac t ion  produces 3.52 MeV i n  charged particles for every neutron produced, an 
unshielded D + T fusion rocket with 200 W of je t  p w e r  could not regular ly  

operate  within 16,800 km of a m a n n e d  space f a c i l i t y  without exceeding 
r a d i o l o g i c a l l y  s a f e  dose f o r  con t inous  exposure t o  MeV n e u t r o n s  
neutrons/an /set). 2 

If fusion reactor technology is s u f f i c i e n t l y  advanced t o  operate 

higher temperatures (40 t o  100 keV), react ions b, c, and d becane usable. 
of the deuterium-deuterim react ions (b and c) does not markedly reduce 

the 
(10 

a t  

Use 
the 

neutron f l u x  problem (4.86 MeV i n  charged p a r t i c l e s  per neutron a t  40 keV, 
h e r e  the D + H e 3  react ion w i l l  not t a k e  place,  and 12.96 N e V  per neutron a t  
100 keV, where it w i l l ) .  The correspondirq radiological ly  sa fe  d is tances  fo r  
the  examples above decrease to 14,300 km and 8760 km, respect ively.  ?he 

principal  advantage of deuteriun fuel  is tha t  i t  is cheap and readi ly  

ava i lab le .  
I h e  d e u t e r i m h e l i u m  3 react ion results in S e t t e r  than tm orders  of 

magnitude rsduction in neutron p r d u c t i o n  (732 MeV in  charged p a r t i c l e s  for 
each neu t ron )  and d rops  the r a d i o l o g i c a l l y  s a f e  d i s t a n c e  t o  l l G 0  km. 

Unfortunately, helium 3 is a very r a re  i s o t o p ,  w i t 5  a natural  abundance 3f 1 
part in 100,000; although it can be produced by bombarding l i t h i u n  6 with 
neutrons frm an Earth-based fusion reactor.  Deuterium-helium 3 w u l d  be the  
obvious fuel  if  performance was the sole c r i t e r i o n ,  but cost and a v a i l a b i l i t y  
may force the fusion rocket designer t~ select D + D. 

Ihe la rge  radiological ly  safe dis tances  involved indicate  that fusion 
rockets might never be allowed to operate  f r m  low Earth o r b i t ,  which l i m i t s  
their usefulness in  the currant  study mission mcdel. The most p rac t i ca l  

appication of fusion rockets might be t o  base then a t  a GEO base ( w e l l  above 
the Van Allen belts which m u l d  trap their charged p a r t i c l e  exhaust) and use 
them for round-trip deepspace  manned ard m a n n e d  missions- 

2.4.1 Magnetic Confinement a n c e p t s  

Sackground. Since the beginning of fusion reasearch, the main approach has 
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been the use of intense magnetic f i e l d s  t o  confine the fusion plasma i n  a 
closed magnetic b o t t l e ,  Mirror bottles a r e  l i k e  tubes t h a t  a r e  p a r t i a l l y  open 
a t  both erds to allow some particles t o  l e a k  out .  To operate  a s  a reactor ,  
e i t he r :  (1) the  tube m u s t  be 1 km long ( fo r  high-density pulsed reactor 
conditions) or 100 km long ( for  steady s t a t e ) ,  (2) the  plasna flow m u s t  be 

res t ra ined  along the tube axis w i t h  magnetic cons t r i c t ions  (mirrors) a t  tile 
ends, o r  (3) the  tube m u s t  be bent into a donut shape ( to rus )  with 110 open 
ends. bb j u s t i f i c a t i o n  appears in  the l i t e r a t u r e  to reject opt ion (1) out of 

hand; but  there  appears to be m advantage in  considering very long fusion 
rockets ,  e spec ia l ly  i n  terms of the minimun weight for  required s t ruc tures .  

Option (2) is the mirror machine concept discussed in  the next subsection; 
opt ion (3 )  is the mainstream of ground-based fusion reactor  design, leading to 
expe r imen ta l  d e v i c e s  inc lud ing  a s t r o n s ,  mult ipoles ,  s t e l l a r a t o r s ,  and 
tokamaks. 

Mirror Fusion Machines. Magnetic-mirror systems a r e  open a t  both ends but 

most e s c a p i q  particles are re f lec ted  fran f i e l d  cons t r i c t ion  plugs located a t  
t he  erds. Because some p a r t i c l e s  are always escaping, more particles m u s t  be 

in jec ted  in to  the plasma to  maintain s teady state, Neutral beam in jec t ion  
appears optimal,  but  cold in jec t ion  with microwave heating is possible.  

Additional magnetic f i e l d s  ( a t  the expense of g rea t e r  weight) may provide 

magnetic wells Mere the plasma is confined, 
In  1967, Kelley p r o p s e d  ( r e f .  2-41) that the p l q  a t  each end be i t s e l f  

a mirror machine. In  t h i s  tandemmirror concept, constant  po ten t i a l  is 
maintained between magnetic-mirror machines, reducing loss to  the center  
machine, " e v e r ,  a p rac t i ca l  t a n d e m i r r o r  reactor is a g r e a t  deal more 

complex than the  o r ig ina l  magnetic-bottle concept (see Figure 2.4-2). 
R. F. Fbst proposed in  1970 t o  convert the leaking fusion energy d i r e c t l y  

into electrical cu r ren t  ( r e f s .  2-42 and 2-43). Ions ard e lec t rons  d i f fus ing  
th rough  t h e  m i r r o r s  would e n t e r  a l a r g e  fan-shaped r e g i o n  called the 

"expander" (see Figure 2.4-3). P a r t i c l e s  muld be guided by magnetic f i e l d s  
t h a t  taper from roughly 1.5 x 105G a t  the center  to 5 x 10% a t  the periphery. 

Plasma dens i ty  would f a l l  by a fac tor  of 10 , such that electrons ard ions 
vould be separated from each o ther  and col lected w i t h  almost a l l  t h e i r  k ine t ic  
energy converted in to  e l e c t r i c a l  cur ren t .  This cur ren t  w u l d  d r ive  ion 
engines for  t h rus t  o r  feed b a c k  through neut ra l  beams to heat Lle fusing 
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FEATURES 
ISP 2600 - 2OO.ooO SECS (CONTROLLED BY H2 PROPELLANT FLOW) 

INITIAL TMI - 104 . 10 -6 
UNDER OEVELOPMENT FOR GROUNOBASED POWER PLANTS (MFTF - B COMPLETE 1682) 

RlSK/FEASl6lLlTY ISSUES 
OWEIGHT OF OIRECT CONVERTER h SURSYSTEMS 

0 0  - H..j AVAILABILITY 

WEIGHT OF SUPERCONDUCTING MAGNETS 

Figure 2.4-2: Tandem-Mirror Conceptual Configuration ITMX 7976) 

plasma. Post's d i r e c t  e l e c t r o s t a t i c  approach might improve D-He3 fusion cyc le  
confinement by a fac tor  of 2 t o  3 (almost a l l  reaction products a re  charged 
pa r t i c l e s )  givinq an overa l l  system generation e f f ic iency  of - 50% and making 
D-He magnetic mirrors competitive with mainstream E-T mirrors.  

A prac t i ca l  mirror-machine rocket would probably cons is t  of a s ing le  o r  

tandewmirror reactor  with a direct convertor a t  one end and a m q n e t i c  nozzle 
with propellant i n j ec to r s  a t  the other.  Propellant i n j ec to r s  would be 
required because the plasma exi t ing the reactor  w u l d  have a s p e c i f i c  impulse 
in the r a q e  of 200,000 sec, f a r  beyord the optimum value for planetary 
appl icat ions.  By throttling the hydrogen propel lant  flow, the  spec i f i c  
impulse of the fusion rocket could be varied from 2000 t o  200,000 sec. 

3 

Toroidal Fusioii Machines. It  is l i k e l y  that most torus mainstream designs 
w x l d  be rejected as  fusion rockets on the basis of t h e i r  h e a q  secondary 
magnets used to  bend the plasma tubes to stabilize them, but there are a few 
concepts which might be canpet i t ive with mirror machines. 
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Figure 2.4-3: Schematic of Dimt Converter far Mirror Rcrrsctor 

S t e l l a r a t o r  Concept: T. K. Chu o f  P r i n c e t o n  claims t h a t ,  "The 
s t e l l a r a t o r  is unique among magnetic-confinement concepts. It is the only 
scheme yet suggested...that promises a fusion reactor  that  muld require  no 
power input a f t e r  it reaches igni t ion.  Once the deuterium-tritiun plasma 
starts to burn, the neutral-beam in jec t ion  could be shut  o f f .  (One does of 
course have to maintain steady confinirq cu r ren t s  in  the external  w i n d i q s . ) "  
( r e f .  2 4 4 ) .  For fusion rockets of a l l  o ther  designs,  there m u s t  be an 
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iqnition/reignition/pwer-storage subsystem which is a s ign i f i can t  f r ac t ion  of 
t o t a l  vehicle  mass. ?he s t e l l a r a t o r  concept was v i r t u a l l y  abandoned in  the 
1970's, 20 y e a r s  a f t e r  i ts Pr ince ton  i n v e n t i o n ,  b u t  was conv inc ing ly  
demonstrated in 1980 by Grieger, &mer, et  a l .  of the Max Planck I n s t i t u t e  

for Plasma Physics in  Garching, Germany ( r e f .  2-45). 

Riqgatron Concept: me Riggatron, or throwaway tokamak, is a device 
beirq developed by In te rna t iona l  Nuclear Energy Systems a. (Inesco).  Invented 
by nuclear e q i n e  designer Robert W. Bussard and by MIT professor of physics 
Bruno Coppi, the Riggatron's main advantage over other  fusion devices  for 
space vehicles  is its estimated mall size ard weight (about 4 metric tons 
according to ref. 2-46). The Riggatron d i f f e r s  from the mainstream tokamak 

fusion reactors  l i k e  the Princeton tokamak fusion test react ion (TFTR) i n  that 

it would (1) operate a t  much higher magnetic f i e ld  strengths ard hence plasma 
d e n s i t i e s ,  ( 2 )  be driven to ign i t ion  by ohmic heating alone (no expensive 
neutral  beam i n j e c t o r s ) ,  ( 3 )  raise its pwer leve l  t o  50 times the i gn i t i on  

leve l  with "bo t s t r app ing"  (i.e., i n j ec t i rq  f u e l  a t  proper r a t e s  and recycling 
excess fusion energy, ( 4 )  use highly stressd water-cooled copper magnet coils 
which are much reduced in  size because they are designed to  o p r a t e  ins ide ,  

instead of ou ts ide ,  the neutron sh ie ld ,  and (5) be designed for a limited 
l i f e t i m e  (approximately 1 month) ard then be recycled as scrap o r  thrown away. 

A p r i v a t e l y  funded,  ($100 m i l l i o n ,  5-year development program is 
cu r ren t ly  underway t o  bui ld  ard test f i v e  s l i g h t l y  d i f f e r e n t  Riggatron devices 

with a goal of 200 MWth power output by 1984-85. Advanced vers ions of this 
device have been analyzed for use of the D-D reac t ion ,  and the r e su l t an t  D-D 

machines would be roughly 3m (120 i n )  in  diameter and weigh approximately 
30,000 kg (66,000 lb) . If shown feas ib l e  for ground-based use, Riggatrons 
sbould excel in  space appl ica t ions  because most other magnetic confinement 
fusion designs require  l a rge  cryogenic cooling systems w i t h  their massive 

waste-heat rad ia tors .  A props& Riggatron D-T ground-based fusion reactor  
shown in Figure 2.4-4 would have the following cha rac t e r i s t i c s :  

Fbwer: 300 t o  1000 MWth 

Plasma radius: 50 t o  70 cm 
Toroidal f i e ld  s t r e q t h :  
Coil  material: 

1.8 x 10sG 
AMAX-MX copper a l loy ,  or  30% W/Cu composite 
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Figure 2.44: Artist's Concept of D-T Fueled Riggetron 

5 2 Yield stress: 1.4 to  1.8 x 10  lb / in  
Fatigue l i f e :  2 x 1 0  cycles 
Plasma current :  

Weight: 4 x l o 3  kg 

4 

3 t o  4 x ~ O ~ A  

Converting a ground-based toroidal  fusion reactor  into a fusion rocket 
requires  the addi t ion of a magnetic nozzle with suitable propel lant  i n j e c t o r s  
and an aux i l i a ry  power supply capable of maintaining the magnetic f i e l d s  and 
providirq the energy required for  igni t ion.  An example of a fusion rocket 
based on a toro ida l  reactor design is shown i n  Figure 2.4-5. The magnetic 
nozzle design is based on the p a r t i a l  d iver tor  present ly  b e i q  tested in the 

TFTR. 
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Figure 2.4-5: Direct Fusion Rocket Booed on Toroidal Fusion Reactor 

2.4 .2  I n e r t i a l  Confinement Concepts 

Background. ?he 
pulsed fusion rocket concepts discussed here in  e f f e c t  use miniature hydrogen 
bombs a s  a source of energy ard manentum. pulsed fusion rockets were the 
obvious follow-on to  the pulse fission rocket a f t e r  project Orion was 
cancelled.  Wereas  a f i s s ion  pllse unit  has d e f i n i t e  minimun c r i t i c a l  mass to 

a t t a i n  an e f f i c i e n t  react ion,  a fusion pulse uni t  has ra lower l i m i t  and muld 
theo re t i ca l ly  be as mal1 as a few thousand atoms. Tnis means that fusion 
pulse rockets could be b u i l t  in any size ard p w e r  rarqe t o  meet s p e c i f i c  
mission requi rements . 

I n e r t i a l  confinement research for  other than kmbs s t a r t ed  much later 

than magnet ic  confinement  and is c u r r e n t l y  f a r  behind i n  technology 
developnent. The basic rmaininq problem is the need to couple more energy i n  

less time and more efficiently to the fuel pellet. with t h i s  i n  mind, recent  
work has begun on the use  of l ight-ion (H+) beams instead of laser beams a s  
d r ive r s  for i n e r t i a l  confinement fusion. Light ions couple more e f f i c i e n t l y  
into the implosion process because they do rot c rea t e  bt elec t rons  which can 
preheat the fue l  i n  the center of the pellet before the shock wave a r r ives  t o  

I n e r t i a l  confinement fusion goes back to the hydrqen  bomb. 
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i n i t i a t e  fusion. In addi t ion ,  the  overa l l  e f f i c i ency  of l ight-ion beams is 
predicted t o  be 30% t o  40% compared to  5% t o  20% fo r  l a se r s .  Light ions, 
however, are more d i f f i c u l t  to focus on the t a rge t  pellet. 

Fusion pulse propulsion technology is obviously less w e l l  develope3 then 
groun+based i n e r t i a l  confinement fusion technology and -1 it is doubtful t h a t  
a pulsed fusion rocket a u l d  be made operat ional  i n  less than 15 t o  20 years. 

Eiowever, the  po ten t i a l  of such a vehicle  is so enormous that a nunber of 

s t u d i e s  have examined h y p o t h e t i c a l  pu lsed  f u s i o n  c o n c e p t s ;  r e s u l t s  are  
summarized below. 

Pulsed Fusion Rockets. A nuclear pllse rocket using fusion microbombs is 
shown i n  Figure 2.4-6. The concept is ident ica l  to the pulsed f i s s i o n  rocket 
discussed in sec t ion  2.3 except a laser or particlebeam system is required to 

MeV 
ELECTRONS 

\t 
\ 

14 MeV 
NEUTRONS 

t 3.5 MeV He' 

LASER OR 
R E l A T l V l  STIC 
ELECTRON BEAM 7 

/ 
I rPUSHER PLATE 

\ I 

1 ', LPROPELMNT \ 

1 DT MICROBOMB SHOCK ABSORBERS 
\ \ 

FILLER 

NOT TO SCALE 
Fipun 2.4-6: NucJw Pulse Propuhion Uwng Fusion Microbombs 

supply the ign i t ion  pulse to t r i gge r  the microbombs. The propel lant  located on 

each bcmblet serves  as a conical radiat ion sh ie ld  to absorb most of the fusion 

neutrons which would otherwise impact t'le vehic le  ard cause excess heating. 
After serving t h i s  funct ion,  the sh ie ld  is vaporized in the ensuing explosion 
and becomes reaction nass to impact the pusher p la te .  According to  reference 
2-47, b e r y l l i u m  appea r s  t o  be an e x c e l l e n t  p r o p e l l a n t / s h i e l d  fo r  t h i s  
appl i c a t  ion. 



Cne key to  improving fusion pulse propulsion design is to reduce the 

pwer  requirements of the ign i t ion  subsystem. With a laser-induced fusion 
rocket system such as the Blascon, S i r i u s ,  or Eyde-Wood-Nuckolls fusion rocket 

concepts ( r e f s .  2-47, 2-48, and 2 4 9 ) ,  the weight of the laser was cri t ical .  
This Same problem applied t o  charg&-particlebeam dr ivers .  %cent results of 
F. Winterberg s h o w  h o w  to  reduce ign i t ion  pwer requirements for fusion 
microexplosions by a factor  of 100 (ref .  2-50). Charged-particle beams o r  
hypemeloci ty  p r o j e c t i l e s  could be used in  a two-stage process to i n i t i a t e  the 
fusion pulses khich d r ive  the space vehicle.  In the f i r s t  s tage,  the i n i t i a l  

d r iver  (reduced in  pwer from ~ . r  lo1% t o  - 10''A') causes ab la t ive  implosion of 
a spherical  t a rge t  (see Figure 2.4-7). A th in  but high-atomic-number gas 

A :  ABLATIVE LAYER 
L: DENSE LINING OF ABLATOR ( U )  
P: PHOTON BLACKBODY IMPOSION 
F: FUSION P E L L E T  (DT,He3D,p''S, I 

B: BEAMS OF I O N S  OR RELATIVISTIC ELECTRONS FROM DRIVER 
FiqUrr 2.4-7: Pulsed Fusion Rocket Using T" Ignition Rocus 

inside the t a rge t  (krypton, UF6) converts the implosion shock wave in to  an 
intense blackbody rad ia t ion  ( m s t l y  soft X-rays). In e f f e c t ,  the rad ia t ion  is 

canpressed and amplified by the implosion. These X-rays strike the fusion 
pellet an3 i gn i t e  the propulsive thermonuclear micorexplosion. Because pwer 
is amplified by ccmpression an3 delivered a t  peak pwer, a smaller and l i g h t e r  
i n i t i a i  d r iver  system can t r igger  the f i n a l  fusion output. This -stage 
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process requires  mater ia l  in  the t a r g e t  besides the fusion explosive,  which 
increases  t h r u s t  but lowers s p e c i f i c  impulse; consequently, Winterberg's 

concept, as used here, w u l d  be more appl icable  for  in te rp lane tary  ra ther  than 

i n t e r s t e l l a r  t rave l .  Note that the X-ray photon compression stage is a 

temperati-e-heighteniq process. This might make the  low-cost , very clean,  
protowboron fusion react ion a t t a i n a b l e  for  space propulsion. 

Another approach for  reduciq the s i z e  of the fusion dr iver  subsystem is 
t o  bunch or overlap multiple charged-particle beams onto centimeter-sized 
hydrogen t a rge t s ,  Several beams can be transported to  a s i n g l e  t a r g e t  by 
passage along plasma discharge channels i n  a background gas. 'he channels 

ca r ry  cu r ren t  (from capacitor banks) ard are i n i t i a t e d  by lasers. The 

multiple beams can de l ive r  10 times a s  much beam current dens i ty  to  the t a r g e t  
as  a s i n g l e  beam. This approach is b e i q  invest igated experimentally a t  
Sandia National Laboratories. "ere are a number of problems in  applying this 

to fusion pulse propulsion. me g r e a t e s t  d i f f i c u l t y  is the complexity of 
combining capacitor, laser, charged-particlebeam acce lera tor ,  and background 
g a s  subsystems i n  a low-weight, h i g h - r e l i a b i l i t y  sys tem f o r  i n i t i a t i n g  
i n e r t i a l  confinement fusion. 

Magnetic f i e l d s  can be used to replace o r  sh ie ld  the pusher p l a t e  from 

high-energy plasma d m q e  ( r e f s .  2-49 and 2-51). Now a standard opt ion i n  
specula t ive  designs,  the magnetic f i e l d  pro tec ts  the pusher p l a t e  from 

abla t ion  a d  spa l l a t ion ,  This adds weight a d  power requirements but  allows 
higher ve loc i ty  plasma to impinge on a gusher p l a t e  of given t e n s i l e  s t rength .  
Spec i f ic  impulse should be improved by t h i s  approach, but  no thorough 
mathematical analysis is cu r ren t ly  avai lable .  Martin and B o d  ( r e f .  2-52) 

claim t h a t  magnetic systems allow spec i f i c  impulses g rea t e r  than lo6  sec. 
'he spec i f i c  impulse of fusion pulse propulsion can be optimized for  

s p e c i f i c  missions i n  a manner similar to the  magnetic confinement fusion 
rockets. Fusion pulse rockets with spec i f i c  impulses of 3300 sec have been 
ccmpared to chemical aril f i s s i o n  rockets  in  reference 2-47, w i t h  fusion pulse 
giving best re su l t s .  Livermore s tud ie s  ( r e f .  2-49) considered ex terna l  
magnetic fusion pulse rockets with specific impulses of 5.5 x lo5  sec, which 
could reach any des t ina t ion  in  the so l a r  system i n  under 1 year ,  with round 

trip; under 2 years. 
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2.5 Iaser Powered R o c k e t s  

O f  a l l  appl icat ions propsed  for high-powered lasers, none challenges 

every aspect of l a s e r  technology as  thoroughly as  the concept of using lasers 
to transmit t!!e pwer  thrust t o  a f r e e f l y i n g  rocket thousands of kilometers 
away. This concept of a laser-pwered rocket mould revolut ionize space 
t r a n s w r t a t i o n  technology, but i t  is also fraught with many f e a s i b i l i t y  i ssues  
and operat ional  concerns. The primary concerns t o  be addressed here are  the 

problems of co l lec t ing  the l a se r  beam and t ransfer ing  its energy t o  the 
rocket propellant. 

Recent s tud ie s  of laser rockets have taken two d i f f e r e n t  approaches: 
those using pulsed lasers for ground-launched operat ions a d  those using 

continous wave lasers for space-launched operations.  Both options will be 
sumnarized here for the sake of completeness. 

2.5.1 Pulsed-Laser Concepts 

There =re two ground-launched, pulsed-laser rocket concepts recent ly  

The concept propsed by Physical Sciences, Inc. (PSI), is shown 

In L!is concept a high-pwered pulsed laser is directed into 
under study. 

i n  Figure 2.5-1. 

Figvte 2.5 1: Acousticalty Valved Ground- Launched Laser Rocket 

50 

I 



the  mzzle where i t  is focused to  a high in t ens i ty  in  a cloud of propel lan t  
gas. This i n i t i a t e s  a high-temperature, high-pressure plasma in  the form of a 

blast wave which propagates up the  l a s e r  beam. Provided the pulse is 
s u f f i c i e n t l y  short so the high-pressure gas remains in  the v i c i n i t y  of the 

mzzle wall, t h i s  concept provides an e f f i c i e n t  propulsion device. The 
s t r e q t h  of the laser-induced b l a s t  waves ard l a se r  r epe t i t i on  r a t e  specifies 

the propel l 'ant  mass flow. This is because the laser-induced b l a s t  waves stop 
the  propel lant  flow t!!rough the t h roa t  h e n e v e r  the pressure in  the nozzle is 

g rea t e r  than the pressure i n  the plenun chamber. This process is called 
acoust ic  valving. Tests  of this concept reported in ref.  2-53 i nd ica t e  a 

rnaximun s p e c i f i c  impulse of 900 f 400 sec a t  1 atm and 1000 
a m  using hydrogen propellant.  The reported energy conversion e f f i c i ency  

(exhaust energy/laser energy) was about 50%. 
F e a s i b i l i t y  i ssues  of this concept concerned the a b i l i t y  t o  preserve the 

structural  i n t e g r i t y  ard o p t i c a l  r e f l e c t i q  qua l i t y  of the  nozzle, and a t  what 
weight penalty. Peak gas temperatures a t  the nozzle wall w i l l  approach 
10,OOO°K a d  the  Zm-diameter nozzle m u s t  be rugged e m q h  to w i t h s t a d  s t rong 
impulsive ,bop stresses. 

The second ground-launch laser-rocket concept is proposed by AVCO a d  
ca l led  t h e  laser-sustained detonation wave rocket. The pr inc ip le  behird t h i s  
concept is shown in  Figure 2.5-2. It is somewhat similar t o  the PSI pulsed 

rocket except the laser beam is not concentrated by the nozzle b e l l  ard the 
amount of propel lant  used for  each pllse is determined by a preliminary pulse 

which ab la t e s  a measured amount of so l id  or l i qu id  propel lant  off  a f l a t  
surface.  A second h i g h - f l u  pulse then ign i t e s  a laser-sustained detonat ion 

wave which sh ie lds  the surface from fur ther  radiat ion.  The detonation wave 
propagates back towards the laser, heating the propel lant  gas to approximately 

20,000~~ a d  generati-  a large pressure pulse on the propel lant  sur face  and 
expansion skirt. Reference 2-54 quotes  a spec i f i c  impulse of 800 sec for  a 2 

x 10' w/Cm laser pulse of 10 p s  durat ion r e s a t i q  in  an impulse load of 
approximately 30 atm on the base. 

In this A X 0  design, the two weak p i n t s  of the PSI design a re  not 
present because (1) the hot propel lant  gas is in contact w i t h  the  vehicle  fo r  
a much snaller f r ac t ion  of the duty cycle and (2)  the exposed sur face  is 
mainly a f l a t  p l a t e  which does not need to withstand hoop stresses or be of 
op t i ca l  qua l i ty .  This design does have same unique problems of its own, 

100 sec a t  
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however: (1) € b w  is the propellant fed onto the f l a t  surface? (2 )  If by 

t ranspi ra t ion ,  is there s u f f i c i e n t  spec i f i c  heat to coo1 the surface and how 

is the flow r a t e  control led? (3)  If the surface is a solid ablator, how is 
the surface f l a tnes s  controlled and how are the expansion s k i r t s  moved as  the 

surface recedes? Also, i f  the laser pulse a r r ives  of f  center  or uneven, the  
vehicle  will experience a la rge  impulsive torque h i c h  could set the vehicle  
tumbling i n  a f rac t ion  of a second. These are unresolved f e a s i b i l i t y  i s sues  

for the A X 0  design to address,  

2.5.2 Continuous-Wave Laser Concepts 

There a r e  several  space-launched , continuous-wave, laser-rocket concepts 

under study. They a l l  involve co l lec t ing  a laser beam transmitted over 
cons;derable d is tances ,  concentrating that beam, and directirrg it into a 
t h rus t  chamber where it is used to  heat a 3aseous propel lant  (hydrogen). The 
propel lant  is allowed to expand through a conventional rocket nozzle ard 

produce thrus t .  Hydrogen has been the propellant selected in  every previous 
study because its low molecular weight results in  the best spec i f i c  impulse, 
a s  d i s c u s s e d  p r e v i o u s l y .  The pr imary issues w i t h  r e s p e c t  t o  t h e  
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continous-wave laser rocket are the  choice of coupling mtxhanism used t o  
t r ans fe r  the photon energy of the laser to the hydrogen propel lant  ard re la ted  

problems of w v e l e r q t h  and laser locat ion.  
The s implest  way conceptually of u s i r q  the l a s e r  energy is to introduce 

the beam d i r e c t l y  in to  ti., &rust chamber through a window and thermalize the 
propel lant .  This method places  an addi t iona l  cons t r a in t  on the working f l u i d  
because it m u s t  be made opaque to the l a s e r  beam. Several ways a r e  ava i l ab le  
t o  accanplish t h i s ,  and the major c h a r a c t e r i s t i c s  of proposed Coupling 
techniques are discussed b e l o w .  

I n v e r s e  Bremss t rah lung .  A l e a d i n g  c a n d i d a t e  among p o s s i b l e  coup1 ing 
mechanisms is inverse Bremsstrahlq which is appl icable  for any wave leq th  

l a se r  and w r k i n g  f l u i d s  hot enough for  s i g n i f i c a n t  ionizat ion,  The free 
electrons i n  a p a r t i a l l y  ionized gas  can be mde to o s c i l l a t e  in  the  varying 

e lec t r ic  f i e l d  caused by t h e  t r a r z m i t t e d  e l e c t r o m a g n e t i c  beam. T h i s  
o s c i l l a t i o n  in  i t s e l f  is a conservative process for  an isolated e lec t ron  and 
r e s u l t s  in  m energy t r a n s f e r ,  & e v e r ,  i n  the r e l a t i v e l y  dense gas in the 
t h r u s t  chamber, t h e  e l e c t r o n s  undergo i n e l a s t i c  c o l l i s i o n s  wi th  atoms,  

molecules, and ions h i c h  tends t o  t r ans fe r  energy from tile beam t o  the gas 
a d  results in  even more f r e e  electrons. The result is t h a t  once the laser 
f lux  exceeds a c e r t a i n  threshold leve l  (and provided s u f f i c i e n t  f r e e  e lec t rons  
a re  a v a i l a b l e ) ,  the gas w i l l  become highly absorpt ive to the radiat ion.  Gne 

of the a t t r a c t i v e  fea tures  of the inverse Bransstrahlung mechanism is its 
r e l a t i v e  i n s e n s i t i v i t y  to wavelength; therefore  it can be used w i t h  most 
lasers, although there is a drop i n  absorption coe f f i c i en t  a t  s b r t e r  
wavelengths (below 3 pm). This absorption mechanism also has no inherent  
high-temperature limit which makes it unique an04 laser coupling techniques; 
bowever, t h i s  same high-temperature c h a r a c t e r i s t i c  could a l so  be its downfall, 
as  is discussed below. 

A schematic of the inverse Bremsstrahlurq coupled-laser rocket is shown 
in  Figure 2.5-3 from reference 2-55. In  this case the l a s e r  bean has been 

co l lec ted  and focused in to  the chamber close t o  the th roa t  of a supersonic 
mzzle. A laser-supported canbustion (E) wave is igni ted a t  the f o c u s  
through use of an electrical a rc  (or microwave discharge,  etc.) whicn 
i n i t i a t e s  the ionizat ion process. Workirq f l u i d  (propel lan t )  is introduced a t  

a r a t e  which just balances the propagation r a t e  of the LSC wave, resulting in  
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Figun 2.53: l n v m  Bremsstrahlung Coupled- Laser Rocket 

a s ta t ionary  plasma source. Because of the high radiat ion f lux from this 

plasma, i t  is necessary to sh ie ld  the chamber walls. ?his is done by 
in t rcduciw a buffer  layer  of hydrogen seeded w i t h  suhnicrometer-sized carbon 
p a r t i c l e s ,  vhich provides a radiat ion absorption layer to aid in the cooling 
of the chamber wall. As a spec i f i c  a m p l e ,  the  5-Mw l a se r  rocket designed i n  
reference 2-55 assumed an average plasma temperature of 12,000°K with a 
resultant heat f lux of 6400 W / c m  . The t h rus t  chamber is regeneratively 

cooled ard the mass of propel lant  passing through the 2-cm th roa t  is o n l y  

capable of absorbing a combined heat f lux  (convective p lus  radiat ion)  of 
around 1500 Wan . Hence, about 90% of t!ie mdian t  heat  flux from the plasma 
m u s t  be absorbed by the working f l u i d  v ia  m e  mechanism yet  t o  be determined. 

Experiments being conducted a t  NASA MSFC a r e  e x p l o r i q  t h i s  c r i t i c a l  area.  
Later analyses of t h i s  Same engine ( re f .  2-56)  showed t5e maximun 

temperature in  the plasma to be mxh higher than the temperature assumed in  
reference 2-55 (19,000°K ra ther  than 15,000'K) ard the average temperature t o  
be 17,0OO0X instead of 12,0OO0K. Because the radiated heat flux var ies  a s  the 
4th pwer of temperature, t h i s  results in  a revised heat f lux  of approximately 
25 kW/an2 which requires e i the r  99% radia t ion  absorption of the carbon 
p a r t i c l e s  o r  a g r e a t l y  increased mass flow of hydrogen for  regent la t ive  
cooling. ?his increased mass flow w u l d  reduce the e q i n e  spec i f i c  impulse to 
well below 1000 sec and'make it  noncanpetitive. 

2 
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Pddit ional  s tud ie s  ard t e s t ing  of inverse Bremsstrahlung coupling are 
proposed o r  cu r ren t ly  underway to  determine (1) the average LSC wave plasma 

temperatures in  hydrogen a t  typ ica l  erqine operating condi t ions and (2)  the  

absorption c h a r a c t e r i s t i c s  of suhicruneter-si zed carbon seed under the same 
cord i t ions .  These a r e  viewed a s  basic f e a s i b i l i t y  tests w i t h  respect to this 
couplirq concept. Another f e a s i b i l i t y  issue to be addressed during these 
tests is the problem of vaporized seed material  condensing on the cooled 
window surface.  A very small amount of seed material  cordensirq on the window 

su r face  will increase its absorption and des t roy  the  window. 

Molecular Resonance Absorption. Radiation can a l so  be absorbed by seeding 
the propel lant  with molecules which undergo t r a n s i t i o n s  from a ground state t o  

a higher v ibra t iona l - ro ta t iona l  energy state by a b s o r b i q  a photon of the 
appropriate  wavelength. If the  absorption cross-section is la rge ,  the  

absorber gas  may form a small percentage of the gas  molecules in  the 
combustion chamber and not s i g n i f i c a n t l y  degrade the spec i f i c  impulse r e l a t i v e  

to a pure hydrogen propellant.  I f  the absorption is from the  grourd s t a t e  of  
a molecule, the  process can be s t a r t e d  in  a cold gas &ich m u l d  el iminate  the 

need for  a separate  s t a r t i n g  system and g r e a t l y  s implify erqine operation. 
There a r e  several  l imi t a t ions  on molecular resonance absorption. F i r s t ,  

the  absorbing molecules exhib i t  l a rge  absorption cross-sections over very 
l i m i t e d  wavelength r anges ,  t h u s  r e q u i r i n g  a c c u r a t e l y  matched l a s e r  

waveleqths .  Secord, thermal s a tu ra t ion  decreases the absorption c o e f f i c i e n t  
with increasing temperature a s  the absorbing molecules a t  the upper energy 

l e v e l s  begin  t o  predominate  t h e  m i x t u r e .  S h o r t  r s l a x a t i o n  times and 
absorption a t  energy l e v e l s  above ground state tend to  counter themal 

sa tu ra t ion  problems. The m a x i ”  temperature a t  which molecular absorption 
can operate is determined by d issoc ia t ion  of the absorber gas. Dissociat ion 
w i l l  dep le te  absorbing molecules and reduce the absorption coe f f i c i en t .  In  
addi t ion ,  the resu l t ing  cons t i tuents  may chemically react w i t h  the  propel lant  
and/or erqine walls before they are able  to recombine. 

A r e c e n t  s t u d y  ( r e f .  2-57) i n v e s t i g a t e d  t h e  f e a s i b i l i t y  of  using 
molecular resonance absorption t o  couple CO and Co2 laser rad ia t ion  t o  
hydrogen propel lant  a t  rocket chamber conditions.  Of the candidate molecules 
for  coupling t o  CO laser rad ia t ion ,  the CO molecule performed the best, 

exhibi t ing an absorption per centimeter of a t  temperatures as low a s  
300°K and a chemical s t a b i l i t y  which permits t h i s  absorption leve l  to  be 



maintained to temperatures in  excess of 5000°K. ?he molecule H20 was found to 
couple e f f ec t ive ly  a t  both CO and C02 wavelengths. Its calculated absorption 
per centimeter exceeded over a temperature range of 400'K t o  3800'K for 
CO wavelengths and 1300'K t o  4800°K for C02 wavelengths. The e q u i l i b r i m  

chemistry of CO a r d  H20 i n  H2 is shorn in Figures 2.5-4 and -5 from reference 
2-57, ard the  measured absorption per centimeter a s  a function of temperature 

is shown in  Figures 2.5-6 and -7 from the Same reference.  The measured 
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Figire 2.54: E q w h i u m  chmritay of 1QH2 and 1-CO verws T m ~ N r s  
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Figure 2.56: Absorption per CM versus Temperature, 1-am CO in IQatm Hz 

absorption of the water molecules exceeded the ana ly t i ca l ly  predicted va lues  
by one order of magnitude a d  another study is underway to ve r i fy  those 
r e su l t s .  

Tnese preliminary data irdicate tha t  molecular resonance absorption has 
d e f i n i t e  po ten t ia l  a s  a d i r e c t  coupling method for laser-rocket appl ica t ions .  

Fu r the r  work is requ i r ed  t o  v e r i f y  t h e  H20 coup l ing  r e s u l t s  and an 
invest igat ion of the couplirq c h a r a c t e r i s t i c s  of the HF molecule is h ighly  
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desirable. Not as stable as C3, HF is still very stable anJ its high 
tanperature dissociation would be suppressed by the high concentration of 
hydrogen present. Usable concentrations should be available up to 5000°K. 
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Par t i cu la t e  Absorption, Laser energy may a l so  be coupled to the propel lant  by 
seeding it with highly absorbent pa r t i cu la t e  matter. 73e p a r t i c l e s  absorb the 

l a se r  l i g h t ,  a re  heated to temperatures above the surroundincj gas ,  and 

thermally conduct the energy t o  the w r k i r q  f lu id .  This process is ident ica l  

to the  heat- t ransfer  method discuss& for the nuclear gas-core reactor  rockets 
and a large data  base is ava i lab le  from tha t  source. Idea l ly ,  the particulate 
matter would be retained in  the erqine by use of a vortex cen t r i fuga l  
separator because it might Se a high-density mater ia l  such ds tungsten that 
could s ign i f i can t ly  degrade erq ine spec i f i c  impulse. 

Experimental  d a t a  on the  bulk e x i t  t empera tu res  a v a i l a b l e  w i t h  

pa r t i cu la t e  absorption of radiant  energy fran a dc a rc  (s imulat i rq  a gas-core 

reac tor )  a r e  shown in Figures 2.5-8 and -9. Figure 2 - 5 4  from reference 2-58 
shows bulk e x i t  temperature versus the incident radiat ion f l u x  for  argon 

seeded With micrometer-sized carbon particles to simulate hydrogen propel lant .  
The maximum tempera ture  reached i n  experiment  (3860'K) was 1 i n i  t e d  by 
vaporization of the carbon seeds, so a second experiment was run using 
t q s t e n  seals which do rot vaporize u n t i l  5900'K. Results of this second 

experiment are  shown. in Figure 2.5-9 from reference 2-59. ?he rnaximun bulk 
e x i t  temperature reached in  t h i s  experiment (4515'K) gas limited by t h e  amount 

of radiat ion incident on the test sec t ion  a i c h  was determined by the a rc  
pwer supply and mirror cool i rq  l i m i t s .  The apparatus used for these 
experiments is shown in  Figure 2.5-10. Ils expected, the tungsten seed 
benefited from higher meltinq a d  boilirq p i n t s  an3 higher opaci ty  in  the  

v a p r  s t a t e ;  but for p a k  performance, the mass flow of tungsten seed was 

three times the mas  flow of argon workirq f lu id .  This cordi t ion w u l d  result  
i n  prohibi t ive spec i f ic  impulse losses i n  a rocket engine; hence the i n t e r e s t  
in containi ty  the seed through use of cent r i fuga l  forces  such a s  proposed for 
the col lo id  a r e  or  dust-bed nuclear rocket. 

The use of carbon seed w u l d  l i m i t  the  bulk e x i t  temperature t o  

approximately 3800°K (specific impulse of approximately 1200 sec) , which is 
mt r ea l ly  canpet i t ive  with the coupling methods discussed previously. The 
use of tungsten seed w u l d  allow the bulk temperature to increase to almost 
5900°K, which could result in spec i f i c  impulses up t o  1600 sec. I-bwever, use 
of tungsten requires  fur ther  invest igat ion of seed containment techniques, arid 
gas tanperatutes  approaching 6000'K require  g rea t ly  enhanced nozzle cooling 
techniques. 
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Figum 2.5-8: Results of Simdated Propellant Heating Tests using Carbon shed Materid 
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UNCOOLEO fUSID  SILICA P L A T E  
(0.2S-CM THICK) UNCOOLEO FUSED SILICA TUBE 

6 

I 
REAR WATLR-COOLED 

FROM1 SURFACE MIRROR 

SECTION B-B 

* A T E  R-COOLING P A S S A G E S  

umseeom aurrER L A Y E R S  

R E A R  UIRROR 

POROUS f OAW 

GAS IMLETS 

FuSEO SILICA 

Y C T A L  

Figum 2.5 10: Propellant Heating Test Configuration 

The use  of e i the r  s l i d  seeding material  presents the poss ib i l i t y  of 

contaminating the window and/or the bean col lec tor  w i t h  a r e su l t an t  loss of 
op t i ca l  eff ic iency and, i n  the case of the window, with a p o s s i b i l i t y  of 

catastrophic  f a i lu re .  Wercanirq the condensation of vaporized seed mater ia l s  
on the cool window will require careful  design and much t e s t ing ,  but 

t h i s  problen is not thought to be a showstopper a t  t h i s  time. 
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Solid Heat Exchanger. 
which heats  up and corducts to the propellant.  

The l a se r  beam can a lso  be focused onto a sol id  surface 
This  energy couplirq concept 

is e11 outlined in raference 2-60 and w i l l  not be covered in depth here. ?he 

so l id  heat exchanger concept is thought t o  be capable of temperatures t o  

3300°K which w u l d  de l iver  spec i f i c  impulses of 900 t o  1000 sec. Spec i f ic  
impulses t h i s  high can be achieved w i t h  solar or nuclear rockets,  which do not 

require  a r e l a t i v e l y  i n e f f i c i e n t  laser in the system, and muld undoubtedly 
prove superior .  Consequently, there  does not appear to be reason to pursue 
sol id  heat exchangers to couple l a se r  beams to the rocket propel lant .  

Laser-Couplinq S m a r y .  There appears to  be i n su f f i c i en t  da ta  ava i l ab le  to  
select the best laser-coup1 inq method. Inverse Br emsstrahlunq , molecular 
resonance, ard par t i cu la t e  absorption a l l  seem capable of achieving 1500 t o  
1600 sec of s p c i f i c  impulse, which happens to be near the l i m i t  for  
regenerative cool i rq  of the e q i n e  nozzle a t  low mass flow ra tes .  u n t i l  
addi t ional  ana ly t ica l  or test results are avai lab le ,  1S00-sec spec i f i c  impulse 

should be assumed, and no laser-coupling mechanism should be spec i f ied  i n  
character iz ing laser  rocket vehicles.  

2.5 Solar Tnermal Rocket  

Background. The solar thermal rocket concept cons i s t s  of an op t i ca l  sunl ight  

concentrator which c o l l e c t s  so l a r  energy ard focuses i t  into Sane form of 
thermal  engine  which u s e s  i t  t o  p r e s s u r i z e  and h e a t  hydrogen 
propellant/workirq f lu id .  The hydrogen workiq f lu id  (now qui te  hot)  is then 
expanded in a conventional rocket nozzle to produce t i rust .  In various forms 
ard s i zes ,  t h i s  concept appears to o f f e r  a delivered s p e c i f i c  impulse of 800 

t o  1500 sec. A schematic of the basic so lar  rocket concept a s  proposed in  
reference 2-61 is shown in Figure 2.6-1. This configuration uses two 
co l lec tor  ' 'wings"  t o  pwer one or more th rus t e r  un i t s  mounted in  the 
conventional t h rus t e r  locat ion a f t  of the propellant tankage d payload. In 

t h i s  configuration, thrust and col lec tor  min t ing  are  accomplished by rotat ing 
the vehicle  a r o d  the thrust axis  t o  place the mirror axis perpendicular t o  
the Sun's rays and rotat ing the mirrors about the mirror ax i s  t o  acquire  and 
t r a c k  the Sun. Vehicle thrust t o  weight is a function of the s i z e  and 
specif  i e  mass of solar co l l ec to r s  deployed. Reference 2-61 inves t iga ted  
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PROPELLANT AND PAYLOAD 

CONCENTRATINO 
MIRROR 
(PARABOLOID) BSORBING CHAMBER 

MIRROR AXIS OF ROTATION 

NOTE: THRUST POINTING IS BY COMBINED ROTATION OF MIRRORS ABOUT THE MIRROR 
AXIS WITH HYDROGEN ROCKET ROTATION ABOUT THE THRUST 

Figure 2-6- 1: Principal Solar Thermal Rocket Elemenrs 

severai types of co l l ec to r s  for solar rocket appl ica t ion  and selected the 
nonrigidized, i n f l a t a b l e ,  off-axis concentrator configurat ion shown in  Figure 

The solar thermodynamic rocket is s imi la r  in many ways t o  the laser 
thermodynamic rocket character ized i n  the  las t  sect ion.  The pr inc ipa l  
d i f f e rence  between concepts is the l a c k  of an obvious method t o  d i r e c r l y  
couple the Sun's rad ian t  energy to the hydrogen propellant/working f l u i d .  
Neither inverse Bremsstrahlmg nor molecular resonance appear f eas ib l e  for 
couplirq so l a r  energy ( the  former because solar l i g h t  is not coherent and the  
lat ter because it has a broad range of wavelengths). With no apparent means 
for  d i r e c t  coupling, sane form of p a r t i c u l a t e  absorber or so l id  heat exchanger 
is necessary, presenting several  unique problems that could be avoided in  the 

l a s e r  rocket. 
?he use of a pa r t i cu la t e  seed absorbent presents  a very real p s s i b i l i t y  

of contaminating the  op t i ca l  window and/or the  solar co l lec tor  with a 
r e su l t an t  loss of optical e f f ic iency  o r ,  i n  the case of the window, with a 

2.6-2. 
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Figure 2-62: Nom Rigidized, Inflatable, Off-Axis Concentrator Configuration 

poss ib i l i t y  of a catastrophic  f a i lu re .  The use of a so l id  heat  excharqer 
reduces the p s s i b i l i t y  of condensing v a p r i z e d  s o l i d s  on the cooled window 
surface but a lso  limits the propellant tenperature to w e l l  below the melting 
p i n t  of the heat  exchanger mater ia ls .  

Absorber Concepts. Five d i f f e ren t  concepts for t ransfer  ing energy from the 

focused so la r  radiat ion to the hydrogen propellant are d e r  inves t iga t ion  
( r e f .  2 6 2 ) .  ?he most straightforward concept, cur ren t ly  d e r  construct ion 

ard scheduled for t e s t i r q  next year,  is the windowless heat exchanger cav i ty  
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shown schematically in  Figure 2.6-3. ?his concept uses a cavi ty  absorber 

l ined  with small-diameter coolant tubes which absorb the Sun's energy and 
t r ans fe r  i t  to the hydrogen propel lant .  Because the tubes must contain the 
e n t i r e  working pressure of the engine, they experience considerable stress, 
which l i m i t s  t h e i r  o p e r a t i n g  t empera tu re .  T h i s  concept  a v o i d s  t h e  

complication of a cooled window b u t  is l i m i t e d  t o  chamber temperatures of 
2730oK (4910%) by mater ia l  l i m i t s ,  giving a delivered s p e c i f i c  impulse of 

a b u t  900 sec. 

I / 

HEAT EXCHANGER 
CAVITY (ABSORBER) 

Fiwm 2.63: Windowless Heat Exchanger Cavity 

The t ranspi ra t ion  cooled l i n e r  concept, shown i n  Figure 2.6-4, adds a 
so l id  w i n d o w  to allow the heat  exchanger to  operate  with only thermal loads 
(which a r e  s ign i f i can t ,  e spec ia l ly  a t  i gn i t i on ) .  ?his allows a chamber 

temperature increase t o  3780'K (6800'R) for  a s p e c i f i c  impulse of about 1060 
sec . 

Further increases in  temperature require a absorbent t o  be subdivided 
into pa r t i cu la t e  form to withstard the thermal stresses involved a d  allow 
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Fiwre 2.64: Windowed Heat Exchanger Cavity 
I 

replenishment  a s  t h e  p a r t i c u l a t e s  subl ime.  The simplest d i r e c t  s o l a r  
absorption concept is sbwn in  Figure 2.6-5. In t h i s  concept the p a r t i c u l a t e  
seed is mixed with the hydrogen gas and both a r e  discharged through b e  

mzzle. A gas temperature of 3900°K (7000’R) can be achieved u s i q  carbon 
seed, but the high f r ac t ion  of carbon by weight in  the exhaust products l i m i t s  

Lk spec i f i c  impulse t o  100 sec or less (Figure 2 . 6 4 )  . 
Two methods of retaining the absorbent seed and thereby increasing the 

spec i f ic  impusle have been propsed.  The f i r s t  method, shown in  Figure 2.5-7, 

uses the centr i fugal  (cyclone) separator pr inciple  to r e t a in  the seed along 

the walls of the absorption chamber. Tests of this concept for the 
colloid-core nuclear reactor ( r e f .  2-19) showed good seed re tent ion but 
highlighted problems with window contamination d u r i q  s t a r t u p  a d  shutdown 
sequences. It  is highly l i k e l y  t h a t  some form of mechanical shu t t e r  smuld 

have t o  be deployed t o  protect  the window fran contamination d u r i q  s t a r t u p  

68 

I 



I 

FOCUSED 

RAD I AT ION 
-0- SOLAR 

Figure 2.6-5: Windo& Molecular or Psrticulate Direct-Solar Absorption Concept 
(Discharged Sed) 
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Figure 2.6-7: Windoned Vortex Flow Direct-Sdw-Absorptim Concept (Retained Seed) 
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and shutdown. '%e second method, of re ta ining the absorbent seed shown i n  
Figure 2.6-8, u s e s  a rotating-bed concept s imi la r  to  the rotating-bed reac tor  
concept discussed in  sec t ion  2.2.2. Tbe absorbent seed, i n  the form of l O O p  

I 

1 '  f FOCUSED 
SOLAR 
RAD1 AT 1 ON 

5. -- 
BED I 

ROTATING \SEAL 
POROUSFRIT * 

Figure 2.6-8: Rotating Bed Direct-Solar-Absorption Concept (Retained Seedl 

particles of tantalun carbide,  is retained by cent r i fuga l  force in  a ro t a t ing  
cyl inder  to  form an annular absorption cavity.  Ihe cyl inder  is made of a 

porous mater ia l  backed up by a high-temperature squi r re l -cage type  support  
s t r u c t u r e  known as a f r i t .  The hydrogen propel lant  r q e n e r a t i v e l y  cools the 
r o c k e t  nozzle then en te r s  the  core chamber where i t  flows r a d i a l l y  inward 
through the f r i t  a t  a ve loc i ty  s u f f i c i e n t  to f lu id i ze  the bed. ?he weight of 

the bed can be adjusted t o  match any flow r a t e  by varying the  r/min of the 
f r i t .  Final ly ,  the superheated gas flows through the nozzle generating the 
desired thrus t .  The rotating-bed concept has also been tes ted  as a poss ib le  
nuclear rocket core ( r e f s .  2-15 through 2-18), shows exce l len t  p a r t i c l e  
containment c h a r a c t e r i s t i c s ,  and does not su f fe r  f ran window contamination 
problems ( i f  the bed is c o n t i n o s l y  kept ro t a t ing ) .  
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The rotating-bed configuration appears to  be the  more des i rab le  of the 

retained absorbent seed concepts. A gas  tamperature approaching 4000°K 
(72C)OOR) should Se possible w i t h  tantalum carbide seed, which m u l d  de l ive r  J 

spec i f i c  impulse of around 1100 sec. 'The primary advantage of retained 
pa r t i cu la t e  seed concepts over t ranspi ra t ion  cooled 1 i n e r  concepts is t h e  

avoidance of hotspots. Imperfections in  the concentrator surface muld result 
in an uneven Gaussian d i s t r i b u t i o n  of pwer a t  the focal plane. This 
d i s t r i b u t i o n  muld  vary w i t h  time and vehicle a t t i t u d e  and w u l d  r e s u l t  in  
local  hotspots within the absorption cavi ty .  The constant movement of 
individual p a r t i c l e s  i n  the f luidized rotat ing bed d i s t r i b u t e s  the energy 

absorbed throughout the bed a d  automatically ad jus t s  for uneven power 
d i s t r ibu t ions .  The t ranspi ra t ion  cooled l i n e r ,  on the other hand, m i l d  be 
designed to  operate below its ult imate temperature p t e n t i a l  to  prevent an 

occasional hotspot from destroying the p r o u s  l i n e r .  

P ropu l s ion  System C h a r a c t e r i s t i c s .  Impor tan t  d e s i g n  c r i t e r i a  used i n  

character iz ing so la r  thermal propulsion systems are:  

a .  Concentration r a t i o s  achievable with a lightweight concentrator 
conf igurat ion 

b. @ t i c a l ,  thermal, and s t ruc tu ra l  c h a r a c t e r i s t i c s  of the absorber 
windows (or choice of windowless designs) 

d 

c. Tnruster s i z e  e f f e c t s  on energy balance and bunbary  layer  losses 

d .  Nozzle e f f i c i e n c i e s  (k ine t i c  and frozen flow losses)  

?he co l l ec to r  concentration r a t io  is an i m p r t a n t  design c r i t e r i o n  

because i t  determines the absorber adiabatic wall temperature which, in  tu rn ,  
determines the cavi ty  eff ic iency.  ?he absorber d i a b a t i c  wall temperature can 

be approximated by the  re lat ionshi?:  

-5 7 11'4 x (2 .2  x 10 x conc x cr) - 
Twall - Tsun 

where Tsun = 6000°K (Sun's surface temperature) 
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cr = concentration ratio 

= concentrator e f f i c i ency  v7 conc 

Dnissivi ty  assumed = 1.0. 

Ihe cav i ty  absorber e f f i c i ency  can then be approximated by: 

4 7 c a v i t y  = 1 - 

where TH2 = chamber work iq  temperature 

= adiaba t ic  will temperature Twall 

The achievable concentration r a t i o  w i t h  the nonrigidized, i n f l a t a b l e ,  
off-axis  concentrator analyzed in  reference 2-61 is 14,328 a s  shown below. 

Col lec tor  assumptions: 

Rim angle  = k 45 degree 
Surface error = 1/8 deg standard deviat ion 
Concentrator e f f i c i ency  = 0.80 

Reflector cone concentration ( theo re t i ca l )  = 2: 1 

Off-axis correct ion f ac to r  = 0.95 
Fbinting e r ro r  cor rec t ion  fac tor  = 0.95 
W i d o w  t ransniss ion f ac to r  = 0.90 

Reflector cone r e f l e c t i v e  e f f ic iency  = 0.90. 

Average concentration r a t i o  a t  i n l e t  t o  r e f l ec to r  cone = 9800; average 
concentration r a t i o  a t  exit of rc\flector cone = 14,328. 

This co l l ec to r  would have a t heo re t i ca l  adiabat ic  wall temperature of 
4250°K and provide a cavi ty  absorber e f f ic iency  of 21.5% fo r  a cavi ty  working 
tenperature  of 4000'K. The above ca lcu la t ions  assune a windowless absorber 
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design; t he  r e l a t ive ly  i n e f f i c i e n t  a b s r p t i o n  process r e s u l t s  when almost 803 

of the col lected energy is reradiated fran the absorption cavi ty .  

Introduction of a well-designed op t i ca l  window and redesign of the 

absorption chamber can appreciable increase the cavity e f f i c i e m y .  The 
transmission a d  re f lec t ion  c h a r a c t e r i s t i c s  of a coated quartz  window a r e  
shwn in  Figures 2.6-9 and 2.6-10 frcm reference 2-62. Note, that a properly 

I I I I L I 1 1 1  I 
I '0.2 0.3 0.4 0.5 0.6 0.7 Q.0 0.9 1.0 2.0 

WAVELENGTH IMM) 

figum 2.69: Solar Rocket Coated- Window Transmission Properties 

coated window can transmit 85% t o  90% of the so la r  spectrun ard a t  the same 
time r e f l e c t  over 50% of the lorqwave infrared being reradiated by the cavi ty .  

I f  the window can be adequately cooled (i t  absorbs almost half  of the infrared 
energy being re rad ia ted) ,  it should then be possible to operate a t  cav i ty  

e f f i c i enc ie s  of 60% t o  80%, even a t  temperatures a s  high a s  4000'K. If the 
cavi ty  is designed with a cooled r e f l ec t ive  duc t  such a s  shown i n  Figure 
2.6-11, the infrared radiat ion absorbed by the window can be subs t an t i a l ly  
reduced t h r o q h  increasirq the reradiated wavelerqth, which increases the 
f r ac t ion  of energy reflected by the  window. ?his would allow a further 
increase in propellant temperature and/or less window c o o l i q  flow. 

I 

' -  . 
I 
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Figun? 2.6- 70: Solar Rocket Coated- Window Reflection PropertieS 

/ 
POL1 SHED SURFACE 
COATED TO REFLECT 
7000' K SPECTRUM 
BUT ABSORB 4000' K 
SP ECTRUH 

APPROXIMATELY ONE HALF OF ENERGY IS ABSORBED BY GH2 
P R I O R  TO ROTATING BED WHICH ACTS AS SUPERHEATER 

F i p m  2.6- 1 I :  RotatingBed Absorber Solar Rocket 
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There a re  three d i f f e r e n t  e f f e c t s  of varying thrust leve ls .  F i r s t ,  for a 
f ixed  specific impulse (operat i rq  temperature) the diameter of the c o l l s c t o r ,  
the window, and the absorber vary with the square root of thrust. Hence, 
above a certain th rus t  level, L5e diameter grows to where i t  is no lorqer  

possible  to tse a s ing le  pane of quartz t o  contain the chamber pressure.  The 

maximun diameter for  a s ing le  pane t o  contain 3 atm is t b q h t  t o  be a&ut 50 

an (20 i n ) ,  which w u l d  l i m i t  the maxinun co l lec tor  diameter to around 50m. 
Multiple pane window designs a r e  c e r t a i n l y  pract icable ,  bu t  have more complex 
s t r u c t u r a l  and cooling cha rac t e r i s t i c s .  

Second, the thrus t  chamber walls m u s t  be cooled. Regenerative cool i rq  by 

the propel lant ,  rad ia t ion  cooling, or cooling v ia  an aux i l i a ry  thermal cont ro l  
systen w u l d  be required. ?he mass of an auxi l ia ry  thermal control  system 
would be v i r t u a l l y  prohibi t ive;  therefore ,  regenerative cool i rq  m u l d  be 
des i rab le .  Because propellant m a s s  flow va r i e s  d i r e c t l y  w i t h  t h r u s t  l eve l  
while the  area t o  be regeneratively cooled var ies  a s  the square root of 
t h r u s t ,  cooling problems can be a l lev ia ted  by increasing t h e  design thrust 

level  a d  providing more mass flow per uni t  area.  
Final ly ,  there  is the e f f e c t  of boundary layer losses and frozen flow. 

I n c r e a s i q  the th rus t  l eve l  ten% to increase the amount of mass flow outs ide  
the  boundary layer and improves tt.le w e r a l l  eff ic iency.  Climber temperatures 
a s  high a s  4000°K result in subs t an t i a l  molecular d i ssoc ia t ion  a d  the energy 
involved can be frozen into the flow i f  rapid expansion in  the m z z l e  does not 

allow time for recombination ard release of the energy of d i ssoc ia t ion .  This 
process is somewhat size dependent because a la rger  nozzle results in  slow 
r a t e s  of expansion a d  more time for  recombination. As a result, an optimum 
s o l a r  rocket would tend to be a canpromise between various design c r i t e r i a  
with the tendency being t o  make i t  a s  large as pract icable .  
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3.0 ELECTRIC REKET CONCEPTS 

POWER SOURCE 

E l e c t r i c a l l y  powered rockets are pwer l imited ard m t  energy l i m i t e d  

l i k e  the thermodynamic rockets discussed in  the l a s t  sect ion.  Electric 
rockets use sunl ight ,  nuclear reactors ,  o r  power beams a s  power sources and 
use electromagnetic forces  to accelerate charged propel lant  molecules t o  much 

higher v e l o c i t i e s  than can be a t ta ined  with most thetmal processes ( fus ion  
being a possible  exception) . €bwever, t h rus t e r  concepts using e l e c t r o s t a t i c  
o r  electromagnetic forces  instead of f lu id  dynanic forces  m u s t  operate  a t  
extremely low d e n s i t i e s  to enable the electric forces  to predominate, and t h i s  
implies very low thrust d e n s i t i e s  and comemura te  low t h r u s t  levels r e l a t i v e  
to the thermodydnamic rockets. 

Electric rockets cons is t  of a power m x c e ,  of ten  a power processor tJhich 

converts raw power into the form required by the th rus t e r ,  and a t h r u s t e r  
which e l e c t r i c a l l y  a c c e l e r a t e s  t h e  p r o p e l l a n t .  A l i s t i n g  of possible  

THRUSTER TYPE 

electric-powered rocket concepts is shown i n  Figure 3.0-1. The 
sources an3 t h rus t e r  types a re  addressed separa te ly  a l o q  with 

in which they a re  discussed. 

possible  power 
the subsection 

ELECTR lCAL 
POWERED 
ROCKET VEHICLES 

SOLAR ELECTRIC - PHOTOVOLTAIC CELLS - THERMOPHOTOVOLTAIC 

- THERMODYNAMIC 

- THERMIONIC - THERMOELECTRIC - BRAYTON 

- THERMIONICS 

NUCLEAR ELECTRIC 

ELECTRIC - ION - MPD - ARCJETS - MAGNETIC - MHD 

Figure 3.0 I :  Morphology of Electric-Powered Rocket Concepts 
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Basic functional concepts, technology s t a t u s ,  charac te r iza t ion  da ta ,  and 

recommendations f o r  f u r t h e r  a n a l y s e s  a r e  developed i n  t h e  fo l lowing  
discussions of each propulsion system option. 'be f i r s t  tw subsections 

discuss  power sources and the remain iq  subsections d iscuss  thrus te r  types. 

-3.1 Solar Electric Power Sources 

3.1.1 Solar  Photovoltaic (SW) Powerplant 

Background. Electrical pwr can be obtai  ed by so la r  i l l m i n a t i o n  of solar 
cells. The power conversion e f f ic iency  is genera l ly  low (10% t o  15%), but the  
cells annd their s u g p r t i n g  structure can be mde th in ,  l ightweight,  and 
dep loyab le  i n  l a r g e  a r e a s  t o  o b t a i n  t h e  d e s i r e d  power. Contemporary 

technology is rep resen ted  by NASA-inspired d e s i g n s  f o r  SEPS: 
Beginning-of-life (BOL) pwer is 32 kW, mass is 420 kg, ard area is 180 m 
(values approximate) . Bsiq sol id-s ta te  e lec t ronic  devices,  the e f f ic iency  of 
solar c e l l s  w i l l  be degraded by any t r a n s i t  of the radiat ion belts; t yp ica l ly  
50% for LEO t o  GEO electric propulsion missions. 

2 

The SEPS technology uses 8-mil  c e l l s  with 4 - m i l  covers l ips  (required for  
t h e n a l  control a d  radiat ion pro tsc t ion) .  ?he obvious approach to  improve 

technology is to  reduce the thicknesses of cells, coversl ips ,  ard supporting 
subs t r a t e s  a d  b develop higher e f f ic iency  cells. 

Because 2-mil s i l i c o n  so la r  c e l l s  a re  present ly  being deve lopd ,  w e  
be l ieve  their use in lightweight array technology can be establ ished by 1990 

a t  present a c t i v i t y  leve ls .  A spec i f i c  weight charac te r iza t ion  for t h i s  
technology is shown i n  Figure 3.1-1, which also ind ica tes  the sxpected 
improvement with respect t o  SEE% technology. "he ult imate spec i f i c  weight of 
a 2-mil cell a r ray  is about 2.6 kg/kW but requires  on-orbit assembly with very 
l i g h t  structure. These lwels of performance a r e  minimun r i s k  and a re  
recommended for  use in the remainder of t h i s  study. 

I s s u e s .  The c e n t r a l  i s s u e s  f o r  s o l a r  e l e c t r i c  prool l l s ion  a r e  t h e  
demonstrations of a radiat ion-resis tant  2-mil so l a r  cell array and a prototype 
l ightweight PPU for  Earth o r b i t  appl icat ions.  Predicted spec i f i c  weights a r e  
not e s sen t i a l  to  SEP u t i l i t y ,  but increases in  propulsion mass d i r e c t l y  
de t r ac t  frcm payload performance. A more important issue is degradation of 
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Figun 3.1 - 1 : Solar Army Specific Mass 

the  so la r  a r ray  caused by high rad ia t ion  l eve l s  i n  the Van Allen belts. 
issue is present ly  under intensive study. 

?his 

Recommendation. Because of  t h e  advanced s t a t e  of technology of  SEP 

components, the so l a r  e l e c t r i c  ion rocket should be the benchmark aga ins t  
which all electric advanced concepts a r e  compared. 

3.1.2 Solar Thempho tovo l t a i c  (TW) Ebwerplant 

The so la r  thennophotovoltaic powerplant is s imi la r  to the basel ine solar 
photovoltaic concept except t h a t  a highly c o n c e n t r a t i q  o p t i c a l  system is used 
t o  focus the Sun's energy into an absorption cavi ty / re rad ia tor  Mich  then 
i l l m i n a t e s  a small area of solar cells. This sys tan  provides severa l  
advan tages  over  t he  conven t iona l  s o l a r  p h o t o v o l t a i c  a r r a y .  F i r s t ,  by 

ca re fu l ly  s i z i q  the o p t i c s  anrl the cavi ty ,  the re rad ia tor  can be designed t o  
operate a t  temperatures of 2000°K t o  2500°K, which provides a blackbody 
spectrk matched to the peak absorption waveleq th  of s i l i c o n  so la r  cells (see 
Figure 3.1-2. In addi t ion,  by using edge junct ion s i l i c o n  c e l l s  over a 
highly r e f l ec t ive  subs t r a t e ,  the  cells can be made to  r e f l e c t  back into the 
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CONVENTIONAL POWER SYSTEM 

MAX THEORETICAL 
EFFICIENCY AT 22% 

POWER SPECTRUM 
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THERMAL PHOTOVOLTAIC POWER SYSTEM 
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NEW TPV CONCEPT TRIPLES MAX THEORETICAL EFFICIENCY 

Figure 3.1-2: Spectral Matching with TPV Silicon C e k  

re rad ia tor  most of those photons with i n su f f i c i en t  energy to generate an 
electron.  This concept has a b u t  t r i p l e  the m a x i m u n  t heo re t i ca l  e f f i c i ency  
r e l a t ive  to a conventional so l a r  cell array and ,in 2reliminary tes t inq  has 

achieved e f f i c i enc ie s  on the order t o  40%. 

r-rther advantages of TW over conventional so la r  arrays are reduced cos t  

a d  l a c k  of rad ia t ion  degradation. TPV operates  a t  very high concentrat ion 
r a t i o s  khich reduce the amount of very expensive s l a r  cells t o  a few square 

meters. Basically TPV reduces cost by using a la rge  area of cheap r ad ia to r s  
instead of a la rge  area of expensive so la r  c e l l s .  Because t h e  so l a r  cells  a r e  
enclosed within a matrix of heat pipes an3 radiators, they a re  protected from 
radia t ion  e f f e c t s  and do not degrade during t r a n s i t s  of the Van Allen b e l t  

l i k e  a conventional so la r  array.  A schematic of the TPV concept is show i n  
Figure 3.1-3. 

Issues.  
rocket concepts are: 

?he foreseeable issues  t h a t  may influence the p r a c t i c a l i t y  of the T W  

a.  Efficiency a t t a inab le  with mass production so lar  c e l l s  

b. Fowerplant specific mass, kg/kW 
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c. m r a d a t i o n  of the t ransmiss iv i ty  and/or op t i ca l  r e f l e c t i v i t y  of the 
s t r u c t u r a l  f i lms comprising ' the  pressurized o p t i c s  due t o  contamination 
by t h r u s t e r  e f f luen t s  (p r inc ipa l ly  I% from the ion th rus t e r  g r i d s )  I 
space rad ia t ion ,  o r  natural  aging 

d .  

/ /  I \ \  I \ PRESSURE 1 
BAG 

\ 
PRIMARY - 
CONCENTRATOR 

TlON 

RADIATORS 

PAYLOAD 

ION THRUSTERS 

Figure 3.1-3: TPV-ton Propulsion Vehicle Concept 

Att i tude  control :  center-of-gravity control  I nonpropulsive (off-Sun) 
operat ions,  TVC precis ion 

e. STS packaging, deployment and checkout of pressure-stabil ized optics, 
rad ia tors ,  ard propulsion un i t s  

f .  Thermal control :  optimized radiator/coolant system, off-Sun s t r u c t u r a l  
heating, cav i ty  opt imizat ion 

g. Refurbishment i n t r i n s i c  l i f e  of pwerp lan t  cav i ty  

The main concentrating sur face  is conceived to  be "si lvered" p l a s t i c  
f i lm,  pressure s t ab i l i zed  in  the desired curvature by a t ransparent  p l a s t i c  
bag. This technology has been demonstrated ( r e f .  2-61). 
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An overa l l  configuration option is shown in Figure 3.1-4. Although no 
systsn l eve l  charac te r iza t ion  da ta  have been developed ( inc ludi rg  a s t r u c t u r a l  
concept su i t ab le  for propulsion and STS s t o r q c ) ,  preliminary s tud ie s  of  

p r e s s u r e s t a b i l i z e d  o p t i c a l  concentrators  ind ica te  a 1OO+,J TPS may have a 

spec i f i c  w i g h t  a s  low as  5 to  15 kg/k\v, Considering t h a t ,  i n  t h i s  concept, 
the solar cells  a r e  almost h”ne  t o  space rad ia t ion ,  i t  

competitive with conventional solar cell arrays.  

PRIMARY PARABOLIC - 
CONCENTRATING 
RADlATOR 

b 
SECONDA RY 
REFLECTOR 

SUN RAYS - 
WPl 

may be highly 

THERMAL 
CONTROL 
RADIATOR 
F Y P )  

CONCENTRATING 

SOLAR CELLS 

Fipun 3.14: K e y  Elemenn of the Therm0 Photovoltaic Concentrator 

Reconanendation. The technology for  concentrators,  photocell  components, and 
other system elements appears to be s u f f i c i e n t l y  w e l l  defined to allow an 

e q i n e e r i r q  design synthesis. 

3 . 1 . 3  Solar l3ermoionic (STI) Powerplant 

A so la r  thennoionic pwer system m b i n e  the l ightweight i n f l a t a b l e  so la r  
concentrator discussed in sec t ion  3.1.2 w i t h  the theo re t i ca l ly  l ightweight and 
long-lived thermoionic converters discussed below. 

In a thermionic diode, e lec t rons  a re  produced a t  the emitter (cathode) 
due to its elevated temperature, and t rave l  to  the lower temperature co l l ec to r  
(anode). Several processes within The circuit  is ccmpleted through the load. 
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the  en i t te r -co l lec tor  gap tend to redLlce the e f f i c i ency  of power generat ion 
from the applied thermal energy. For example, the  e lec t rons  in  the  gap tend 

t o  repel those beinq produced a t  the emitter. 
The diodes a re  mounted in  the wall of the so l a r  cav i ty  absorber; the  

emitters a re  heated by the concentrated so la r  energy. By allowing the 
c o l l e c t o r s  t o  d i s s i p a t e  waste heat to  space, the temperature d i f f e r e n t i a l  
required for operation is produced. Fins a r e  added to  the c o l l e c t o r s  t o  
improve cooling. This concept, however, was m t  pursued because i t  does not  
appear to be competitive w i t h  the  TW power system. 
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3.2 Nuclear Electric m e r  Systems ( N E E )  

Nuclear electric pwer  systems use nuclear reactors  for pwer sources,  
changing thermal energy to  e l e c t r i c a l  energy by d i r e c t  thermionic conversion 

or by a thermodynamic conversion m e t h d  such a s  the Brayton cycle.  A typ ica l  
v e h i c l e  concept  -is shown i n  F igure  3 .2 -1  f rom r e f e r e n c e  3-1. Its 

c h a r a c t e r i s t i c  fea tures  are the elongated configuration t o  minimize nuclear 
shielding and the larqe cy l ind r i ca l  radiator  required to  r e j e c t  waste heat. 

I t  can be sized t o  be s h u t t l e  compatible, espec ia l ly  i f  the payload w i l l  f i t  

ins ide the heat exchanger M y .  

P A W O  OEROVEO 
SECONDARY W€R 

RIMARY RADIATOR 

S U P W T  AN0 LOW 
vaim Bus BAR 

WEUTRON SHIOD 
TMRMIONIC CONVERTERS 

P A W O  OEROVEO 

PROF 

TMRMIONIC CON 
MJCLEAR R€AcIOU--/ 

Figum 3.2- I: Nep w e c r a f t  MPD Thrusten (Deployed Configurationl 

3.2.1 Nuclear Then ion ic  (NTI) FQwer Sources 

This concept cons is t s  of a f i s s ion  reactor ,  cooled by heat  pipes which 

convect the f i s s i o n  energy to the hot junct ion of an out-of-core cesim 
thermionic pwer converter. The cold junction is also cooled by heat  pipes,  

the waste heat  b e i q  rejected by a space rad ia tor .  Contemporary technology 
for  each of these elements appears adequate for  usefu l  conversion e f f ic iency  
but  the material  l imi t a t ions  have delayed dwelopnent of t h i s  concept. 
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T y p i c a l l y ,  an emitter tempeqature  of 1650°K (2510'F) and a c o l l e c t o r  

temperature of 900°K (1160'F) are required to  achieve a s p e c i f i c  weight of 

16.05 kg/kW a t  400 kWe (JPL 715-40, March 15, 1980). J P L  has  had this concept 
under d e t a i l e d  s t u d y  f o r  ove r  5 y e a r s ,  i n c l u d i n g  d e s i g n  and t e s t  o f  
high-temperature heat pipes and thermionic converters.  ?he JPL t h e m i o n i c  

converter design is shown in  Figure 3.2-2. It is conceptually a simple,  
passive structure; however, i t  has been m a b l e  t o  withstand the sewre 
tenperature  charqes dur i rq  s t a r t u p  ard shutdown a d  the s ign i f i can t  thermal 
g rad ien t s  during nominal operation--not a simple design problem. 

CONVERTER f HEAT M E  

7 COLLECTOR n 

METAL 1 RLUTOR 
CEUMlC S U L  H U T  PIPE 

Figure 3.2-2: Thermionic Converter Concept 

The thermal  sys tem f o r  t h e  n u c l e a r  t he rmion ic  concept  is a l so  
conceptually simple, as shown i n  Figure 3.2-3, p a r t i c u l a r l y  i n  comparison w i t h  

the  Brayton cyc le  (see sec t ion  3.2.3). A warmup heater  system (not shown) 
w i l l  be required to m e l t  the  l i thium wrk ing  f lu id  p r io r  to  system startup. 

Issues.  Foreseeable i s sues  with respect to the achievable performance of t h i s  
concept are : 

a .  Spec i f ic  weight and l i f e t ime  of the nuclear thermionic pwer source 
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Figum 3.2-3: Thermionic System Hear- Rejecrion Concept 

b. Applicabi l i ty  t o  Earth-orbit missions and space-based operat ions 

3.2.2 Nuclear ? h e m e l e c t r i c  (NTE) Power Sources 

Background. Extensive s tud ie s  of NTE pwer sources a r e  cur ren t ly  being 
conducted under the auspices of the space reactor  (SPAR) Electric Power Supply 

Program by the U s  A l m s  Sc ien t i f i c  Laboratory for the Department of Energy 
and other  agencies. 

The current  program is aimed a t  NT€ power s u r c e s  of 1 0  t o  100 kWe 

( e l e c t r i c a l )  with s p e c i f i c  masses of 16 t o  17 kg/kW a t  100 !We. The curren t  

funding level  is approximately $2M per year a t  Los Alamos with some addi t ional  
monies goin3 to General Electric Valley Forge for thermoelectric converter 
technology dwelopnent . 
System Description. The NTE concept is quite s imilar  t o  the NTI powerplant 

discussed in  a previous section. l 3 e  NTE pwer source cons i s t s  of a 
heat-pipe-cooled fast-spectrum reactor  with a thermoelectric power conversion 
system. The general  fea tures  of t h i s  system are  ident ica l  to  those discussed 
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i n  Figure 3.2-1. The reactor design fea tures  a beryllium r e f l e c t o r  and a 

laninated core Configuration w i t h  shee ts  of molyWenm ( M o )  in terspersed 
between layers  of uranium dioxide (goz). Reactor heat  is t r ans fe r& by the 
molybdenun shee ts  f ran  the  to an array of Mom heat pipes. The heat is 
then transported by the heat pipes around a l i t h i u m  tvd r ide  ( L i H )  neutron 
sh ie ld  t o  a r i q  of high power dens i ty  thermoelectric converters  constructed 
of  modified silicon-germanium (SiGe) alloys. Conversion takes  place over a 

temperature d i f fe rence  from 1375K t o  775K with a projected e f f i c i ency  of 8.5% 
t o  9%. Residual heat (90%) is rejected by a netmrk of r ad ia to r s  constructed 

usiq t i taniun heat  pipes. 

The key element kith d i f f e r e n t i a t e s  the W E  power source from the NTI 

power s o u r c e  d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n  is t h e  t h e r m o e l e c t r i c  
conversion elements. These elements a re  b u i l t  in to  cy l ind r i ca l  modules 
su r round iq  the core heat pipes a s  shown i n  Figure 3.2-4. In t h i s  unit ,  six 

THERMOELECTRIC 
MATERIAL 

T'E R M I  N A L ~  \ 
EL E CT R IC AL 
CONNECTOR 

r E L E C T R I C A L  
I N S U LA1 I ON 

T t i €  k M AL IN SU L AT I ON 

F i g n  3.24: High-Powrrr-Density Thermoektric Module 

SiGe w p  couples a r e  posit ioned c i r cunfe ren t i a l ly  around the core heat  pipe in  
a series configurat ion that y ie lds  approximately 1 V  output under normal 
operating conilitions. A power module is formed by placing these ring u n i t s  
adjacent t o  each other  a l o q  the pipe, the number of un i t s  being determined by 

the  output voltage required. For power levels of 100 kWe, a vol tage of lOOV 
to  15OV dc is des i r ab le  t o  minimize transmission losses .  
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Not shown i n  Figure 3.2-4 is the system to remove waste heat  from the 
thennoelectr ic  modules. In the SPAR program t h i s  is done by an annular heat  
pipe which encloses the e n t i r e  module, a s  shown in Figure 3.2-5. The couplinq 
heat pipes serve t o  change the geometry from cy l ind r i ca l  to square i n  order t o  

couple better thermally w i t h  the r d i a t o r  s t r inge r  pipes. me r d i a t o r  
s t r inge r s  a re  a r r a q e d  so that  several  cool each thermoelectric module. 

The p r o p s e d  r a d i a t o r  d e s i g n  shown i n  F igure  3.2-5 h a s  f i v e  
thermoelectric modules grouped together to form a basic  panel segment. The 
coupling heat pipes of adjacent thermoelectric modules a r e  thermally connected 
so t ha t  i f  one of the radiator  s t r inger  heat p i p s  f a i l s ,  its heat  load w i l l  

be shared by nearby s t r inge r s .  "he stringer heat pipes w i l l  be made of  
t i t an iun  to  t a k e  advantage of its re l a t ive ly  l o w  densi ty  combined with its 
high temperature capabi l i ty .  

Issues.  ?he NTE pokier source is cur ren t ly  the fu r thes t  developed of the three 
canpeting NEPS units. A t  the time t h i s  is wr i t ten  (198l), i t  probably has the  
bes t  chance of a t ta in ing  hardware s t a tus .  "he pr incipal  issue remaining with 
respect t o  a t ta in ing  sa t i s f ac to ry  performance is the inservice l i f e t imes  of  

the thermoelectric units, espec ia l ly  the l i f e t imes  of d i ss imi la r  material  
junctions.  

aa 
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3.2.3 Nuclear Brayton Cycle (NBC) 

Background. This concept uses a nuclear reactor  t o  provide source energy fo r  
a h e l i m  Brayton cycle  which, in  turn,  d r i v e s  a generator to produce 
electrical p e r .  ?he nuclear Brayton power cycle is shown consiuerably 
s i m p l i f i e d  i n  F i g u r e  3.2-6 (from r e f .  3-2) .  Con t ro l  c i r c u i t s  and 
ins t runenta t ion ,  valves ard expansion j o i n t s ,  f l u id  s torage ,  and thermal 
control  r ad ia to r s  for  l ub r i can t s ,  the a l t e r n a t o r ,  avionics ,  and electrical 
ac tua to r s  have been omitted. ?his concept has a l l  the  complexity of a 
comnercial nuclear power plant.  Its pr inc ipa l  a t t r a c t i o n  appears to be t h a t ,  

except for  thhe l i m i t s  to turbine i n l e t  temperature ( T I T ) ,  a canplete design 
technology exis ts .  Because TIT has a mayor influence on e f f i c i ency  and 

specific e i g h t ,  any uncertainty i n  it r a i s e s  a r i s k  i s s u e ,  and an all-up 
system demonstration (including l i f e t i m e  t e s t ing )  w i l l  be required t o  reduce 
this r i s k .  Predicted =.;Pecific weights for  the power system are shown in Figure 
3.2-7. Existirq technology fo r  TIT is 132S°K (192S°F), g i v i q  a s p e c i f i c  mass 
of 35 kg/kWe (100 kW ) ,  according to a contemporary design analysis .  SNAP 

experience suggests  t ha t  a l a rge  growth allowance be considered t o  a s ses s  
r i s k .  

e 

COMPRESSOR 

(16.4 I-) 

P R I M A R Y  
RADIATOR 

789K 
1924°F) 
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L 
& I '  
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R E W E R A T O R  

1 1 

NUCLEAR 
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F M n  3.24: 40SkWe R e f e r "  Pow System Brayton Cyde Sttm Points 
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WEIGHT8 INCLUDE TCU AND WIELMNG 

Figure 3.2-7: PredictGd $oclcific Weight for Nuclear Brayton Cycle Power Systems 

Issues. Foreseeable issues  t h a t  may influence the p r a c t i c a l i t y  of the nmlea r  
Brayton cycle pwer sources are:  

a .  Turbine i n l e t  temperature l i m i t :  achievable l i f e t ime ,  e f f ic iency ,  and 

spec i f i c  weight versus TIT 

b. Life cycle performance demonstration: t e s t  s ca l e  ( f u l l  s i z e  or 
subsca le) ,  o r b i t a l  or ground, test evaluation of radioact ive hardware 

c. In te rac t ion  of propel lant  plwne with neutron and gamma rad ia t ion  from 

unshielded areas  of the reactor  

d. Compnent leve l  design f e a s i b i l i t y  in  adverse thermal and nuclear 
radiat ion enviroments  

e. Elight safety:  SIS abor t ,  ground handling requirements, deployment 

ard checkout, on-orbit aborts  a d  rescue* 
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3.3 E lec t ros t a t i c .  Ion Thrusters 

Ion thrusters produce th rus t  by e l e c t r o s t a t i c  acce lera t ion  of ions 
extracted from an e lec t ron  bombardment ionizat ion chamber. They have been 
under experimental developrent for over 20 years :  within the  las t  3, a near ly  
canplete  design theory has matured. 

3.3.1 Mvanced Ion Thruster 

For the  plrposes of t h i s  study, a 50-cm argon ion t h r u s t e r  is developed 

to i l l u s t r a t e  t h i s  matur i ty  of technology a d  theory. The 50-an s i z e  is 
a r b i t r a r y  but has been chosen by NASA LeRC fo r  technology developnent by 

Hughes Research Lab (HRL) and Xerox E l e c t r i c a l  Optical  Systems ( X E S ) .  For 
t h r u s t e r s  l a rge r  than the 3 0 9  SEP type (which uses a divergent  magnetic 

f i e l d  for  preliminary e lec t ron  confinement), a multipole con ta imen t  f i e l d  is 
required t o  improve beam uniformity ( f l a t n e s s j  and t o  maintain primary 
e lec t ron  confinement in  the  l a rge r  plasma volune. Both t he  HRL and X E S  
concepts fea ture  mult iple  magnetic poles. A b e i n g  multipole concept is shown 

in Figure 3.3-1 (some components have been an i t t ed  for c l a r i t y ) .  

Figum 3.3- I: 50 cm Ion Thruster 
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Its  desigr. fea tures  are:  

a.  Dished screen and accelerator  g r i d s  for t h e n o e l a s t i c  s t a b i l i t y  

5. 
c. Upstream anode 

d. Quick diSC"%S for easy refurbishment 
e. Low energy recombination surfaces  isolated by magnetic f i e l d s  

Single cathode - SEPS technology 

( m u l  t ipoles)  

Thruster charac te r iza t ion  requires  an ana ly t ica l  descr ip t ion  of each 

phenomenon which compr ises  t h e  o v e r a l l  behavior .  C o l l e c t i v e l y ,  t h e s e  

descr ip t ions  (equations) becme a mathematical model t o  determine th rus t  (F) I 
spec i f i c  impulse (I;), e f f i c i ency  (vT), l i f e t ime  (L) I a d  power (P,). mis 
had been accomplished for  the followirq: 

a .  Production of s ing ly  charged ions (discharged process) 
b. Production of doubly charged ions 

c. Efflux of uncharged propel lant  atoms 
d. 
e. Ion intercept ion by the screen g r id  
f .  Ion accelerat ion 

Ion ex t rac t ion  including op t i ca l  t ransmissivi ty  

Predict ions of beam divergence and op t i ca l  t ransmissivi ty  depend on 
empirical da ta  a s  does the sput te r ing  yield for  molyWenum (required fo r  
screen g r id  erosion ca lcu la t ions)  . 

?he process of theore t ica l  charac te r iza t ion  is shown i n  Figure 3.3-2. 
Its unique fea tures  include a f i r s t -order  theory re la t ing  emission cu r ren t  

(Je) with the o p t i c a l  t ransmissivi ty  (X)  of the g r i d s ,  t h e  discharge vol tage 
old), the  neu t r a l  mass e f f lux  ( M o ) ,  and the  beam curren t  (Jb). ?his 

r e l a t i o n s h i p  is shown below. Except fo r  v a r i a t i o n s  i n  t h e  o p t i c a l  
t ransmissivi ty ,  the discharge process is independent of the process of ion 
acce lera t ion ,  a c i r cms tance  h i c h  admits a simple charac te r iza t ion  model. 

Where Cn is a constant and No the  neutral  e f f lux .  If experimental da ta  
If Je is prespecified by sme exist ,  the  constant Cn can be determined, 

92 

.- . .. .. 



F i p u  3.3-2: J- Thwstrrr Chsrrcrsrizstion Progrsm Block Diagram 

cont ro l  algorithm, the discharge law can be solved fo r  the required neutral 
e f f lux .  

The f i r s t  step in  th rus t e r  charac te r iza t ion  is t o  e s t ab l i sh  a reasonable 
discharge cont ro l  opt ion by c a l c u l a t i r q  th rus t e r  e f f i c i ency  a s  a function of  

neut ra l  e f f lux  ( p r o p r t i o n a l  to  ionizat ion chamber pressure) .  These da ta  a r e  
shown i n  Figure 3 . 3 - 3  and i l lustrate discharge opt imizat ion v i a  t rading 
u t i l i z a t i o n  e f f ic iency  aga ins t  electrical e f f ic iency .  "he dashed l i n e  is the  
optimm control  path but  cont ro l  by constant neut ra l  e f f lux  is simpler and 

p r a c t i c a l l y  a s  e f f i c i e n t .  

Because changing t h e  s c r e e n  v o l t a g e  ( t o  change I ) changes  t h e  
electrical e f f ic iency ,  the optimun neut ra l  e f f lux  should a l so  change, a s  shown 

i n  Figure 3.3-4. This is not a straightforward option: reducing neu t r a l  
e f f lux  tends t o  shorten thruster l i f e t i m e  as indicated in  Figure 3.3-5. 

Having picked a c o n t r o l  scheme, a t h r u s t e r  o p e r a t i n g  map can  be 

determined a s  shown i n  Figure 3.3-6. Cperation below about l0OW w i l l  require  

t r i p l e - g r i d  op t i c s .  These data i l l u s t r a t e  that a given size ion t h r u s t e r  can 
operqte over a wide range of power and I 

Note the  above da ta  are based on J-type th rus t e r  o p t i c s  which a r e  
nonoptimun fo r  argon. optimized optics for  argon should have e i t h e r  an 

I t  is used for  subsequent data .  

SP 

SP' 
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Figure 3.33: Discharge Control Optimzation SQCm Argon Ion T?”ter 
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Figvn, 3.3-4: Dischavgs Optimization = 5Qcm Argon Ion Thmster 
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increased g r id  gap (reducirq bean divergence ard neut ra l  e f f lux)  or reduced 
s i z e  acce lera tor  gr id  holes ( increasing t ransmissivi ty  and a l so  reducing 
neut ra l  e f f l u x ) ,  or m e  best combination of  these. This ana lys i s  is 
s t r a i g h t f o r w a r d  b u t  i n f r i n g e s  on t h e  p r a c t i c a l i t i e s  o f  t h e r m o e l a s t i c  

s t r u c t u r a l  design, which is a separate  subject. 
The o p e r a t i n g  map d a t a  a l s o  inc lude  e f f i c i e n c y  and t h r u s t ,  shown 

separately in  Figure 3.3-7 for c l a r i t y .  
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Figure 3.3-7: SQcm Argon /on Thruster Performance Chwacterilstion 

Because the op t i ca l  transmissvity is a function of beam curren t  (Jb) and 
screen voltage (Vs), the intercept ion of ions by the screen g r id  is a l so  
dependent on Jb ard V s ,  which implies a s imilar  dependence for  th rus te r  

l i fe t ime.  Based on t h i s  phenmena, predict ions of l i f e  trerds a r e  shown i n  
Figure 3.3-8. These data  show that the electric propulsion system designer 

must consider beamcurrent  l imi t a t ions  which a r e  dependent on s p e c i f i c  impulse 
a s  tell as  mission duration. 

Ion Thruster Power Processinq. Contemporary (SEPS technology) power 
processing units (PFU) for the  30-an J-type thrus te r  weigh 70 t o  80 lb for  a 
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Figun 3.3-8: SQCm Argon ton Thruster Life Trench 

3-kW, llOW ra t ing .  These PPU's have 10 t o  1 2  separa te  power supplies (each 
thruster requirement t rea ted  independently), a microprocessor for  cont ro l ,  and 

input f i l t e rs  and i so l a t ion  switches for  EMC. They are intended fo r  
s c i e n t i f i c  payloads s e n s i t i v e  t o  EM1 and are designed t o  cont ro l  I i n  

in te rp lane tary  space with na tu ra l ly  varying solar a r ray  vol tage (100~ t o  
200V). ( A c t u a l l y ,  c o n t r o l l e d  I is main ly  a convenience  f o r  t h e  
in te rp lane tary  mission designer--there is no e s sen t i a l  requirement fo r  i t).  
For Earth o r b i t a l  missions, t\ere is no requirement whatever for voltage (I ) 

SP 
con t ro l ,  and payloads for  mass t r a n s i t  a r e  comparatively in sens i t i ve  to  EMI. 

Therefore the  PPU can be much s implier .  Furthermore, combined function pwer 
suppl ies  can be used to reduce the required nmber to as few as three fo r  
argon an3 f ive  for  mercury (demonstrated i n  1977 a t  LeRC) . 

SP 

SP 
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For a 12A, 50- argon th rus t e r ,  the  PW s p e c i f i c  weight (PmC(pppu) a d  
e f f i c i ency  a r e  as shown i n  Figure 3.3-9. ?he improvement with respect t o  SEPS 

technology is notable a d  accrues d i r e c t l y  because of the reduction in nunber 
of suppl ies  ( 5  instead of 12), removal of screen vol tage regulat ion,  and 
concentration of pwer in the screen supply, which h a s  a ccmpnent spec i f i c  
weight of only 0.5 kg/kW. 

'he methodology can be 
used t o  charac te r ize  la rger  Ll rus te rs  and/or a l t e r n a t i v e  propel lants  a s  

r equi red . 

These data  can be used i n  vehicle  s iz ing  s tudies .  

, 
TRWIBEfll 

TCU NOT INCLUDED 

Fiprnr 3.3-9: CDVM P W  for 5Ocm Afyw~ tan fhrwtsr 
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3.3.2 Colloid Thrusters 

Background. The c o l l o i d  t h r u s t e r  e l e c t r o s t a t i c a l l y  a c c e l e r a t e s  charged  
aerosol  d rop le t s  instead of charged molecules. The use of aerosols  instead of 

molecules is prompted by the f a c t  t h a t  a t  a given s p e c i f i c  impulse, the pwer 
efficierrcy is g rea t e r  for  more massive ions. For s p e c i f i c  i m p u l s e s  i n  the 

range of 1500 t o  2000 sec (optimun fo r  c i s lunar  t r a n s f e r s ) ,  on ly  colloid 
electric t h r u s t e r s  could operate e f f i c i e n t l y .  

Description, A candidate co l lo id  th rus t e r  is shown schematically i n  Figure 

3.3-10. A l i qu id  propel lant  is drawn by c a p i l l a r y  ac t ion  to the tips of t h e  
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needles h e r e  i t  is affected by the intense electric f i e l d  concentrated a t  the 

point of the very small needles. The surface of the  e l e c t r o l y t i c  propel lant  

is disrupted by the  intense e l e c t r i c  f i e l d ,  arid uniform submicrometer-sized, 

e l e c t r i c a l l y  charged drople t s  a r e  ripped f ran  i t  ard accelerated downstream 
producing t h r u s t .  An e lec t ron-producing  n e u t r a l i z e r  would be used t o  
neut ra l ize  the beam a s  on the ion thrus te r .  The typ ica l  propel lant  m u l d  
cons i s t  of a salt ( l i k e  NaI o r  L i I )  dissolved in a solvent-l ike glycerol .  

Issues.  Colloid th rus t e r s  have been plagued w i t h  poor l i f e t imes  caused by 
high voltage arcing from the needles t o  the acce lera tor  gr id .  The problem 
seems t o  be inherent with the design and there  is very l i t t l e  work beirq done 

on col loid thrus te rs .  
For these reasons, co l lo id  th rus t e r s  a r e  not recommended for  fu r the r  

developnent a t  t h i s  t i m e .  

3.4 Magnetoplasmadynamic (MPD) Thrusters  

MPD t h r u s t e r s  produce th rus t  by body-force acce lera t ion  of a c o n t i n m  
plasma in  a 5' x f i e ld .  .The prevalent t h rus t e r  considered for t h i s  

appl ica t ion  is the se l f - f i e ld  pulsed plasma th rus t e r  being developed a t  
Princeton University with support from JPL.  

3.4.1 Princeton MPD 'Ihruster 

mis  conceptually simple th rus t  device cons i s t s  of an ax ia l  cathode with 
a radial anode (Figure 3.4-1). A very strong r ad ia l  cu r ren t  (-10 A) is used 
t o  induce a toro ida l  magnetic f i e l d  (self-field) and the  tw canbine to  
acce lera te  a p l a s m  which forms during the a rc  formation (breakdown) process. 
The pwer required for  this device is qu i t e  la rge  so that only pulsed 
operation is usually considered. 

The apparent s impl ic i ty  of the MPD t h rus t e r  b e l i e s  its ac tua l  owra t ion .  
The process of simultaneous plasma formation an3 accelerat ion is so complex 
t h a t  ria encompassing theory has Seen s u f f i c i e n t l y  developed t o  ah i t  design by 
analysis .  All existing technology is experimental. Performance maps (Figures 

4 
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Figure 3.4- I :  Princeton Pulsed Self-Field Thmster 

are based on assumed eff ic iencies .  Measurements of  

101 



2000 3000 4000 Moo 

SPECIFIC IMPULSE - S s  

FiQure 3.4-3: MPD Thruster Performance Characterization 

ef f ic iency  have recent ly  been made a t  Princeton- and these da ta  were published 
a t  the 15th Electric Propulsion COnference, April 21-23, 1981. 

e f f ic iency ,  average thrust including duty cycle, and thruster mass including 
TVC ard pwer cabling. Thruster mass is general ly  negl igible  with respect to  

the  remainder of the propulsion c m p n e n t s  (provided natural  rad ia t ion  cooling 
is adequate). l i m i t  of about 3000 sec 

with argon. Estimated e f f i c i e n c i e s  a r e  shom in  Figure 3.4-4. 'Ihe Princeton 
da ta  a r e  based on a t h r u s t  calculated by i n t e q r a t i q  plasma acce lera t ion  
through a 3 x ?r f i e l d ;  hence t h e i r  accuracy is not well h o w .  

l%st performance est imates  assume 100% mass u t i l i z a t i o n  e f f i c i ency  and 

based on instantaneous mass flow ra t e  within the arc .  In f a c t ,  u t i l i z a t i o n  
e f f ic iency  w i l l  be appreciably less than loo%, a b u t  80% t o  90%. Because 

r e p r t e d  e f f i c i enc ie s  a r e  based on instantaneous flow, the system ef f i c i ency  
m u s t  r e f l e c t  the  square of u t i l i z a t i o n  e f f ic iency .  Evidently, addi t iona l  
developtent will be required to make the MPD concept a ccmpetit ive opt ion t o  

The f igures  of merit for  MPD th rus t e r s  a r e  lifetime, achievable I SP 

Contemporary MPD t h r u s t e r s  have an I 
SP 
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Figure 3.44: Comparison of Elsctric Thruster Options 

S?ECIRC IMPULSE - SEC. 

ion propulsion, bu t  there  is motivation. 
1000 times that of an ion th rus t e r  ( a t - 1  N/m2) .  

recomnended fo r  vehic le  level assessment i n  Task 2. 

Its t h r u s t  dens i ty  may be 100 t o  
The MPD thruster was 

3.4.2 Pulse Formation and mergy  Storage Systems 

The se l f - f i e ld  MPD t h rus t e r  requi res  very high a rc  c u r r e n t s  ( A  10,OOOA) 
for e f f i c i e n t  operation. €& a result, i t  usually w u l d  be operated i n  a 

pulsed mode to avoid meltdown f ran  the  jou le  heating in  the structure which 
m u s t  c a r ry  these currents. Because the pwer sources under considerat ion fo r  
t h i s  study are a l l  continous duty concepts, sane form of energy s torage  device 
w i l l  be required for  t h e i r  e f f i c i e n t  use. Ebr instance,  i f  the  MPD du ty  cycle  

is 1%, d i r e c t  operat ion by the  power source would require  t h a t  99% of its 
output w u l d  have to  be wasted; equiva len t ly ,  it w u l d  have to be 100 t i m e s  as 

large as it would be i f  its output could be stored dur i rq  the off phase of the  
duty cycle. 

To assess the systems requirements involved, an ana lys i s  m s  performed to 
develop concepts for pulse forming/energy s torage subsystems for MPD t h r u s t e r s  

1 03 



operated in  the quasi-steady-state mode. kcord ing  to  ava i lab le  information, 
the output pulse fran the pulseforming network was to be trapezoidal i n  shape 
t o  match the thruster propel lant  flow during pulsed operation. 

The selected t r a p z o i d a l  pulse shape is shown in Figure 3.4-5. ?he 

t h r u s t e r  o p r a t i n g  p i n t  for the f l a t  p r t i o n  of the curve was a t  a th rus te r  

30 I 
L 

I 23,000 A i  

20 

TRAPEZOIDAL 
PULSE SHAPE 

0 
0 0 . 2  0 .4  . 0 . 6  0 . 8  1.0 1 . 2  

T = l . l b M  SEC,-I 

T I M E  IN M I  LLI SECONDS 

Figure 3.4-5: Trapezoidal Wave Shape Assumed for Five-Section Guillmin 
Voltage Fed Pulse- Forming Network 

curren t  of 23,000A. This correspords in Figure 3 . 4 4  ( f r an  r e f .  3-3) t o  a 
th rus te r  voltage of 22OV and a thrus te r  pwer leve l  of approximately 5 MW. 

The thrus te r  impedance a t  t h i s  operating point is 9 . 5 6 5 ~ 1 ~ .  The power pulse 
shape shown in  Figure 3.4-5 h a s  a 0.08-m~ risetime ard a f l a t  portion of 1 ms. 
The pulse r epe t i t i on  r a t e  was 100 per second. 

?he i n i t i a l  attempt to develop the pulse-forming/energy s torage netwrk 
was an attempt to  operate the system (power source, p u l s e - f o n i q  network, and 
th rus t e r )  w i t h o u t  a switch in the system. 'The i n i t i a l  design t a s k  was t o  
develop a c i r c u i t  for the pulseforming energy s torage network. The network 
was to o p r a t e  into a load impedance of 10.065 m a  (9.565 m A  for the thrus te r  
plus  0.5 m h  for  the pwer conductors fran the  thrus te r  to  network). To 

t r ans fe r  maximun pwer from the pulse-forming ne twrk  (PFN) t o  the load, the 

-. . , -.. .. . . .  . .._ .. . . 



Figure 3.4-6: MPD Thruster Voltage-Current Characteristics 

network should have an impedance (2,) equal to  the load impedance. For t h i s  

case, the vol tage across  the load is o n e h a l f  of the pulse-forming network 
(PEN) voltage. 

Re fe rence  3-4 c o n t a i n s  c a n d i d a t e  forms f o r  f i v e s e c t i o n  Gu i l l emin  
voltage-fed P F " s  d i r e c t l y  appl icable  to the t rapezoidal  waveform shown i n  

Figure 3.4-5. For the  PFN i n  t ha t  f igure ,  the  following parameters apply: 

Pulse dura t ion  ( 1) = 1.16 m s  
Impedance (2,) = 10.065 m 
Energy s torage i n  PFN = 5940 J 
PFN vol tage  = 463 V 
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?b s i z e  the  pu lse- fo tmiq  network t o  s t o r e  required energy, capacitances 
a r e  not sized by the technique in  reference 3-4; however, t h e  values 
calculated €or energy s torage a re  very near to those calculated by the methods 

of t ha t  reference.  The resu l t ing  energy storaqe/pulse-forming ne tmrk  is 
shown in f igure  3.4-7.  

1 -  1.16 HlLL ISECONDS,  R I S E  TIME Z BS 
STORED ENERGY 5,942 JOULES AT 
163 VOLTS 

0 CAPACITANCE VALUES ARE 

0 INDUCTANCE VALUES ARE 
IN MICROFARADS 

IN MICROHENRIES 

1.07 1.06 1.06 1.06 1.03 

Figure 3.4-7: Five-Secrion Guiifmin Voltage Fed Pulse - Forming Network 
for ZN IO.&% Milliohms, I -  16 Millisecond Pulse Duration 

For the p u r p s e  of PFN recharging, the following parameters were used: 

Pulse r epe t i t i on  r a t e  = l O O / s e c  
Pulse durat ion = 1.16 m s  
PFN charg i q  t i m e  = 8.0 ms 

Stab i l i za t ion  time = 0.84 m s  

Stab i l i za t ion  was included t o  ensure thrus te r  operation completion p r io r  

t o  PFN charging. When charging a capacitor back from a voltage source through 
a res is tance,  the voltage across the capaci tors  approaches the supply vol tage 

to  within 0.7% i n  f ive  time constants.  For the ne tmrk  shown in  Figure 3.4-7, 

the cur ren t  during c h a r g i q  is shown in  Figure 3.4-8 for a source res i s tance  

of 28.8 mh . The value of source res i s tance  is required t o  have f i v e  time 
constants within 8 m s .  (The time constant for  charging is defined a s  the  

product of the source impedance and the t o t a l  PFN capacitance.) 
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TIME IN MILLISECONDS 

Figure 3.4-8: PFN Charging Current for Low Voltage System 

Gecause t o t a l  res i s tance  of the power processing subsystem ;emductors ,  
PFN, ard thruster) is approximately 40 m h  , the  power source can sus t a in  a 
cu r ren t  through the th rus t e r  of Over 13,000A. I f  the attempt is made t o  
in t e r rup t  t h rus t e r  cur ren t  by turning off propel lant  flow, se r ious  damage w i l l  
occur to the th rus t e r  due t o  erosion caused by the  arc. Sane means (whether 
by switch, crowbar, or other  method) mst be used to i s o l a t e  the power source 
fran the th rus t e r .  

"here a r e  several  candidates of switches a t  t h i s  l o w  vol tage condition. 
Because the cur ren t  decays t o  near zero, a minimun of cumnutation c i r c u i t r y  
would be required t o  turn off si l icon-controlled r s a c t i f i e r s .  Other l i k e l y  

card ida tes  include high-pwer t r a n s i s t o r s  (such as those beirq developed fo r  
NASA) ganged in  p a r a l l e l  ( t o  provide the required m a x i m u n  current-carrying 

capabi l i ty )  and the  crossed-field switch-tube being developed by Hughes 
Research Laboratocies (Ref. 3-5). ?he cross-f ie ld  switchtube has a forward 

v o l t q e  drop in  the  20V t o  30V r a g e  ard dissipates considerably power a t  
hig h-cur r en t  levels . 

Summarie of a candidate lowvol tage  r e s i s t i v e  charge PFN a r e  shown in  
Figures 3.4-9 and -10. As can be seen, the t o t a l  value of capacitance f o r  
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0 CHARGING SWITCH 
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8.0 wec CHARGE TIWE 
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6.622 JOULES 

I .16 H I L L 1  SECONDS 
23,000 AMPERES 
TRAPEZOIDAL 
roo PULSES/SECOND 

5,942 JOULES 
463 VOLTS 
55.435 MICROFARADS 

5 
GUILLEHAN VOLTAGE 
10.065 MILLOHMS 

1) SWITCH TYPE L IQUID PLASM 
VALVE 

VOLTAGE DROP 25 VOLTS 
AVERAGE POWER 64 KW 
DISSIPATION 

23,000 AHPERES 
220 VOLTS 

9.565 H I  LLOMMS 

0.5 FllLLOHMS 

8 H I  LLI SECONDS 

0 QUANTITY REQUIRED 1 
2) SWITCH TYPE 

VOLTAGE DRO 
TRANS I STOR 

(EQU I VALENT7 1-75 VOLTS 

5 KW 
0 AVERAGE POWER 

QUANTITY REQUIRED 80 

-FED DISSIPATION 

Figure 3.4-9: Characteristics of Low- Voltage Resistive Charge Pulse Forming Network 

AUERAIX POUER REQUIRED 
FROM SOURCE 

ENEISY EFFICIENCY OF 
THRUSTER SYSTEM 

R - 0.02886 C - 0.055435 farad 
I,  - 16.150 A Tc 0.008 rec.V, 25 v o l t s  

m + Y 6,622 + 5.942 
p - u  I 

% 

1 0.01 

THRUSTER ENERGY x 100 I ,  x V, x 1w , s f  . 
u1 + % "I + "n 

1.26 k g r w a t t r  

43. 52 

Ul .md Yn aro as d o f l n d  a b o w  
Y t  - 220 volts It 0 23.000 A 

f EFFEClIVE TIK OF It = 1.08 msec. 

Figure 3.4- 10: Low Voltage Thruster Sysrem Performance Summary (Resistive Direct Charge) 

the  low-voltage PFN is qui te  large (55,435pF). Because s tored energy in  a 
capacitor is 1/2 CV a d  capaci tor  energy storage per uni t  mass increases w i t h  
increasirq voltage ra t ing ,  an a l t e rna t ive  design using higher vol tage was 
formulated. 
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The high-voltage concept requires a pulse transformer fo r  impedance 
matching, An addi t iona l  switch (over the low-voltage system) is required f o r  
discharginq the PFIJ through the pulse transformer. The high-voltage r e s i s t i v e  
charge pwer processing system is sumnarized in  Figures 3.4-11 and -12. The 

h igh-vol tage  system i n c u r s  a d d i t i o n a l  l o s s e s  i n  p u l s e  coup l ing  ( p u l s e  
transformer a d  swi t ch ) ,  over the  low-voltage system, requi r i rq  add i t iona l  

energy s toraqe  in  the PFN. 

0 ?ULSf 

DURATION 
0 CURRENT AMPLITUDE 

SHAPE 
0 REPETITlON RATE 

0 PULSE TRANSFORMER 

TURNS RAT10 
EFFlClENCY 

0 PULSE FORHlNG NETWORK 

0 STORED ENERGY 
0 VOLTAGE 
0 TOTAL CAPACITANCE 
0 NUMBER OF SECTIONS 

TYPE 
0 CHARACTERISTIC IMPEDANCE 

0 THRUSTER 

QUASI-STEADY OPERATlON 
CURRENT 
VOLTAGE 
IMPEDANCE 

L INE RESlSTANCE 

PULSE CHARGE T lHE 

0 SWITCHES 

1.16 HlLLISECONDS TYPE L l O U l D  PLASMA 
23.000 AMPERES VALVE 
TRAPEZOIDAL VOLTAGE DROP 25 VOLTS 

IOO PULSES/SECOND AVERAGE D l S  - 1, Kw 
SIPATION 

5 
95% 

0 AVERAGE DIS' 1 KW 
SI PAT ION 

(NOT SUITABLE BECAUSE OF HIGH VOLTAGE) 6.329 JOULES 
2.315 VOLTS 
2.285.5 PFARADS 

GUILLEMN VOLTAGE-FED 
252 FllLLOHnS 

5 

23.000 AMPERES 
220 VOLTS 
9.565 M I  L L O M S  

0.5 HIUOHHS 

8 H I L L 1  SECONDS 

Figure 3.4- 7 1: High- Voltag? Resistive charge 

Figures 3.4-10 and -12 s h o w  the PFN charging ef f ic iency ,  using a 
resistance in  series with the pwer source, is low.  m f a c t ,  t he  m a x i m u n  
achievable charging ef f ic iency  is only 50%. ?he PFN charging e f f i c i ency  can 

be improved by inser t ing  an i d u c t a n c e  in  series w i t h  the power source. This 
charging method takes advantage of the series resonance of L< c i r c u i t s  to  

improve the charging e f f i c i ency  (see Chapter 9 of re f .  3-4) . For the  case of 
the  PFN capaci tances  having no charge and the  charging inductor having zero 
curren t  flow, t h i s  charging method ( ca l l ed  M: resonant charging) can charge 

the  PFN capacitors to  about 1.9 times the supply vol tage a t  charging 
e f f i c i e n c i e s  of 0.90 for  c i r c u i t  Q's between 7 and 10 .  
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MCS-265 

? A M T E R  I CALCULATION RESULTS 

WtSE REPOTITIOII RATE 100 PULSES PER SECONO ASSUMO 1.16  mec PULSE DUfUTIOI( 
8.0 m e c  CHARM T I M  
0.84 (M8C ST118ILIZATION 
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ENERGY LOSS DURIH6 
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V - 2,315 volts 
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- (  t / R C )  
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9 0 I~Rf~-(zt/Rc)dt + VsIdke'(t/Rt)dt 
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0.01 p-- 0 

T 

I t  - 23.000 A. 

T - EFFECTIVE TIHE OF I t  - 1 . 0 8 a e c  

ENERGY EFFICIENCY OF 
THRJSTER SYSTEM 

Figure 3.4- 12: High- Voltage Thruster System Perfomance Summary; 
Resistive Direct Charge using Pulse Transformer ( N d N r 5 ;  1) = 0.95) 

THRUSTER ENERGY x 100 I 't It IO0 ''l 44.1% 

Yl + W" + w1 
'e 9 

W, red Y, are as drflned above 
V t  - 220 vol ts  

A CC resonant charging concept was developed for the low-voltage PFN 
previously discussed. The concept requires  a lower impedance pwer s u r c e  
than does the r e s i s t i v e  charge c i r c u i t  (14  m a  versus 28 m R  ) a d  a charging 
inductance of 186 MH in series with the pwer su rce .  The calculated charging 

ef f ic iency  was 0.90 from a 250V power source. 
Care m u s t  be taken in  the design of the charging c i r c u i t  t o  minimize 

charging cur ren t  for  when tile switch is act ivated to  i s o l a t e  the p w e r  source 
frorn the  PF" (see Figure 9-3 of ref .  3-4) .  Otherwise the  problems of  
interrupt ing la rge  inductive cur ren ts  exist. 

Conductor grade aluninun was the corductor mater ia l  se lec ted  for  main 
power conductors and for the inductors in  the charging reactor  and the PFN. 
This se lec t ion ,  based on the  low product of electrical r e s i s t i v i t y  and 

spec i f i c  mass of a luninm,  compared to other  standard mater ia ls .  
The capacitance design was based on the  K-film capaci tor  developnent work 

funded by the Air Ebrce Flbcket Propulsion Laboratory ( r e f .  3-6) .  This wrk 
aimed a t  d e v e l o p i q  long-life capac i tors  rated a t  2,200V. For the low-voltage 

case,  while the spec i f i c  energy s torage  dens i ty  of 40 J/lb a t  2,200V f o r  the 
K-film c a p a c i t o r s  does  n o t  app ly ,  s c a l i n g  o f  c a p a c i t a n c e  v a l u e  was 
accomplished from the K-film data.  The design of the K - f i l m  capaci tors  was 80 
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MF, 2,20OV, ancl weighed 4.75 lb .  A conservative f ac to r  of 2 was used to  s c a l e  
from 80 MF and 4.75 l b  a t  2.2 kV t o  150 MF a t  the same weiyht fo r  the lower 
vol tage case. For the high vol tage PFN, 35 J / l b  was used t o  ca l cu la t e  system 

weight. ?he reason for  the conservatism i n  the weights of  the  capac i tors  is 
the f a i l u r e s  t h a t  have occurred in  l i f e  t e s t ing  of the  K-film capac i tors .  

While the cause of these f a i l u r e s  (pr imari ly  a t  the f o i l  edges) w i l l  be 
corrected,  it w i l l  most l i k e l y  be a t  sane s a c r i f i c e  in  s p e c i f i c  energy-storage 
densi ty .  

?he mass of the switches was estimated. 'Ihe mass of the  t r a n s i s t o r  

low-voltage switch was based on 80 high-power t r a n s i s t o r s  i n  parallel; the 
cross-f ie ld  switch was based on earlier SPS studies ( r e f .  3-7). The m a s s  of 
the  pulse transformer for  the high-voltage PFN was estimated a t  1.0 kq/kW 
(average) .  

A summary of the three  PFN networks is shown i n  Figure 3.4-13. The 
resonant charge concept requires  a considerably smaller power source due t o  

its inherent ly  higher system eff ic iency .  Weights shown a r e  for  components 
only and do not include i n s t a l l a t i o n ,  packaging, thermal control  i n t e r f ace ,  o r  
thermal cont ro l  provisions.  

PULSE 
FORMING ~ 

NETWORK ~ 

POWLR ASOURCE * 

- 
c v) HSS (KG) 
I 

SOURCE H P O W E R  1 H 1 HPEDENCE BUSSES 

1% 

- -  
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609.6 
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61 

Figun 3.4- 73: Pulse Forming/Energy Storage Concepts Summary 
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?he design example used i n  t h i s  ana lys i s  was for  a fixed th rus t e r  

o p e r a t i q  point. As such,  
t h i s  example does not represent a design for an optimun vehicle  operating in  
the pulsed MPD mode; however, the resonant charging concept o f f e r s  s ign i f i can t  
performance improvement over r e s i s t i v e  charging. Switching in  the pwer 
circuit is required. The ef f ic iency  and mass of the energy s torage  and 
pulse-forming subsystem a re  s ign i f i can t .  'fie design optimization s f  tf?e 

pulse-foming/energy s torage subsystem w i l l  require an ove ra l l  veh ic l e / sys tm 
optimization analysis .  

No attempt was made to optimize the t o t a l  vehicle.  

3.4.3 Magnetohydrodynamic (MHD) Thrusters  

The MHD th rus te r  is electranagnet ic  accelerat ion in  its simplest  form 
(see Figure 3.4-14). A flow of ionized gas  in  generated in  an- arc je t  o r  
seeded chemical rocket and t!!m subjected to crossed e l e c t r i c  and magnetic 
f i e l d s  a s  i t  expands through t h e  nozz le .  If t h e  g a s  has  a s c a l a r  

9 corduct ivi ty ,  d , and ve loc i ty ,  u, a s  it en ters  t h e  accelerator  sec t ion ,  
then a current  dens i ty  ?his curren t  

- - 7 -  7 = d (E +uSB) will flow through it. 
-3 

is pa ra l l e l  t o  E and w i l l  i n t e rac t  with the magnetic f i e l d  to provide a 
d i s t r ibu ted  M y  force equal t o  J x B which w i l l  acce le ra te  the gas  in  the 

d i rec t ion  of u. 

3 4  

4 

- 

This d e  

+ 

Figure 3.4- 14: MHD or Crussed-b Ida' Accelerator 

ice, of ten  ca l led  the crossed-field acce lera tor ,  appeared capable 

of operating a t  spec i f i c  impulses a s  high as  3000 t o  4000 sec with good 
ef f ic iency  (60% t o  80%) ;  but mrk on i t  was discontinued in  the l a t e  1960's t o  
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c o n c e n t r a t e  on t h e  MPD t h r u s t e r .  Th i s  was because t h e  c r o s s e d - f i e l d  
acce lera tor  required a subs t an t i a l  external  f i e l d  ard therefore  a massive 

electranagnet ,  whereas the  MPD th rus t e r  used the plasma current i t s e l f  t o  
generate  the & f i e l d ,  making fo r  a simpler,  l i g h t e r  system. r.n addi t ion ,  MHE 

t h r u s t e r s  w i l l  s u f f e r  from most of the same problems associated with MHC 

generaur=i ,  namely e lec t rode  erosion and shorting. ' he  environment in  a space 
engine should be more benign (c leaner )  than in  ground-based MHD generators ,  
bu t  t!!e f a c t  that no MHD u n i t s  are operating on a regular basis a f t e r  several  
decades of  research and developnent shows the  magnitude of the problems 
involved. 

(31 the  pos i t i ve  side,  the crossed-field acce lera tor  requires almost no 
power processor,  o p e r a t i q  with unf i l te red  dc cur ren t  much a s  the a rc  j e t  

th rus t e r ;  and recent advances insuperconducting magnets could provide the  
required magnetic f i e l d  fo r  a small mass a d  power penalty. It is p s s i b l e  

t h a t  a s  propulsion power requirements increase from the 100 kW l eve l  discussed 
today to  the  multimgawatt  level needed for space i rdus t r i a l i za t io i l ,  the  

c r o s s e d - f i e l d  a c c e l e r a t o r  w i l l  make a comeback. T h i s  is because t h e  
crossed-f ie ld  acce lera tor  o f f e r s  increased e f f i c i ency  and fewer heat r e j ec t ion  
problems a t  higher t h rus t  levels r e l a t i v e  to competit ive electric th rus t e r s .  
Also, the weight of the e l e c t r m q n e t  becomes ins ign i f i can t  a t  higher t h r u s t  

l e v e l s  cmpared to the power generating and processing systems required by 

other t h rus t e r  concepts. 

Recomndat ion .  The MHD t h r u s t e r  was not recommended fo r  Task 2 because (1) 
the ava i l ab le  da ta  base vehic le  w a s  f e l t  to be too marginal to support a 

reasonable leve l  assessment and (2) we had already committed t o  include a 
similar concept, the  MPD th rus t e r s ,  and did not w a n t  t o  d i l u t e  the s tudy 

e f f o r t .  

3.5 Arc-Jet Thrusters  

Background. The arc-jet t h rus t e r  produces thrust by heating hydrogen in  an 
electrical arc and then acceleratirq it in  a conventional expansion m z z l e .  
Hydrogen is the only element bhich can give the high s p e c i f i c  impulse (800 t o  
1200 sec) required for high payload performance (see sec t ion  2.6 for hydrogen 
performance d a t a ) .  Ordinar i ly ,  arc jets have low electrical e f f i c i ency  
because of frozen d issoc ia t ion  ad ionizat ion losses o r i g i n a t i w  i n  t h e  a r c  
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h e a t  process. A downstream mixing chamber might,however, be used to  relax 
these s t a t e s  and thereby achieve high eff ic iency.  A mixing chamber design 
concept is shown in  Figure 3.5-1. Its expected prformance is shown in Figure 
3.Y-4. A p s s i b l e  advantage for the a rc  j e t  is tha t  l i t t l e  or 110 power 

processing is required provided load impedance can be matched w i t h  the source 
impedance (source m u s t  be d i r e c t  current, but high qua l i t y ,  low r ipp le ,  is not 

requi red) .  
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Figure 3.5 I :  2 5 K w  Thermal Arc-Jet Concepr 

Issues. Foreseeable issues that may influence the eventual use of a rc- je t  
t h rus t e r s  a r e  (1) thermal shock su rv ivab i l i t y  of b r i t t l e  arc-jet  cunponents 

and (2 )  arc- je t  l i f e t ime  ard e f f ic iency  with respect to  delivered I 
SP' 

Recommendation. The high thermal e f f ic iency  a t  moderate spec i f i c  impulse 
l eve l s  makes t h i s  concept a t t r a c t i v e  e n o q h  for Task 2 assessment. 
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3.6 Electromagnetic (EM) Thrusters  

E lec t romagne t i c  t h r u s t e r  c o n c e p t s  r e l y  on f o r c e s  g e n e r a t e d  when a 
magnet ic  f i e l d  i n t e r a c t s  w i t h  e l e c t r i c a l  c u r r e n t s  t o  a c c e l e r a t e  s o l i d  
conductors o r  plasmas to high v e l o c i t i e s  thereby generating th rus t .  ?here ale 

a number of w a y s  t o  acce lera te  reac t ion  mass magnetically. One scheme, t h e  
mass d r ive r ,  is a synchronous l i n e a r  electric motor in  d isguise  where the  
magnetic f i e l d  is used t o  t r ans fe r  forces  between current-carrying wires. 
Another scheme, the  r a i l  gun, uses a s i n g l e  cur ren t  loop t o  acce lera te  a 
plasma annature with the  J x B magnetic fDrce. The plasma armature ard its 
confining react ion m a s s  are dr iven from gun a t  high ve loc i ty  t o  generate  
th rus t .  Other less publicized schemes, use the repulsion force between eddy 
cu r ren t s  generated in a conductor by a time-varying magnetic f i e l d  and the 
f i e l d  i t s e l f  to acce lera te  a corducting react ion mass. Examples of these  
schemes are the d i r e c t  cur ren t  induction acce lera tor  proposed by MIT and the 
pulsed i d u c t i v e  plasma thruster proposed by TFW. Each of these magnetic 
t h r u s t e r  concepts w i l l  be discussed in  the following subsections.  

+ - t  

3.6.1 Mass-Driver Reaction Erqine 

In the schemes commonly proposed for the mass d r i v e r  ( r e f s .  3-8 and 3-9) ,  
the  react ion mass r i d e s  i n  a magnetically dr iven moving "bucket" which 
releases the m a s s  a t  high ve loc i ty ,  circulates back on a separate re turn  path,  
and receives  a n e w  react ion mass for the  next cycle.  For the highest  
e f f ic iency ,  braking w u l d  be regenerat ive,  Because an operat ional  mass-driver 
con3iguration ( f igu re  3.6-1) has many buckets ,  each with two bucket coils and 

several  thousand d r i v e  coils, system complexity is a primary considerat ion.  
Each b u c k e t ' s  superconduct ing  c o i l s  would be  i n s i d e  a s e a l e d ,  

well-insulated enclosure ard wuld be bathed in  l iqu id  helium. Chce the 
bmket coils are energized, no fu r the r  ac t ion  is required except periodic 
recharging of the l i qu id  helium. The d r ive  coils, however, need f a s t  and 
a c c u r a t e  s w i t c h i n g  t o  ensu re  proper phas ing  wi th  t h e  bucket  c o i l s  t o  
accelerate ard dece lera te  the bucket. Because of the extremely high v e l o c i t e s  
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Figure 3.6- I: Mas-Driver Linear Synchronous Motor 

involved (up t o  10 t o  20 kdsec) , t i m i r q  is c r i t i c a l  ard i t  is unl ikely t h a t  
bucket d r ive r  contacts  could be allowed; hence, t h e  system nust be very 
re1 iable.  

The Princeton mass-driver mrking group has recent ly  published a de ta i led  
design study ( r e f .  3-10) for so l a r  electric o r b i t  t r ans fe r  vehicles  using mass 
d r ive r s ,  with an estimated e l e c t r i c a l  e f f ic iency  a f  70% to 90%. In their 

a n a l y s e s ,  t h e  mass o f  t h e  e l e c t r i c a l  s w i t c h i n g ,  t o  be done w i t h  
s i l icon-control led r e c t i f i e r s  (SCR), becomes s ign i f i can t  as  exhaust v e l o c i t i e s  

exceed 10 W s e c  (equivalent t o  1000 sec of spec i f i c  impulse). mwever, a 
l a t e r  paper ( ref .  3-11) proposes a new type of mass dr iver  with a pull-only 

dr ive  system in  a new t i g h t l y  coupled bucket configuration t h a t  avoids the 
requirement for  rapid current  switching a t  the high-velocity end of the 

device. This promises e x i t  v e l o c i t i e s  up t o  20 W s e c  u s i q  s ta te -of - the-ar t  
SCR' s. 

Unfortunately, mass d r ive r s  owra t ing  a t  50Oq to  l O O O g  acce le ra t ion  have 
to  be inherently la rge  ( 5  t o  10  km long) t o  reach v e l o c i t i e s  or 10  t o  20 

km/sec. Consequently, they optimize a t  very la rge  payloads (4000 M t o  GEO i n  
r e f .  3-10) which is beyond t h e  scope of  t h i s  s tudy .  A concep tua l  
configuration of a solar-pwered mass-driver reaction e q i n e  is pictured in  

Figure 3.6-2. 

t 
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FEATURES 
ISP WO - 1600 SECs (OPTIMUM K)R EARTH - MOON SYSTEM) 
INITIAL Tffl - 3 x lo4 
W R Y  HIGH ELECTRICAL EFFICIENCY 
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0 U C K  OF CHARACTERlZATION/HIGH COMPLEXITY 
REUSABLE BUCKET R E W I R E S  VERY U R G E  SYSTEM (10 KM 1 

Figure 3.6-2: Mass-Driver Feature and Risks 

Reconendation. Because of the very l a rge  s i z e  required a d  the  extreme 
complexity of cu r ren t ly  proposed systems, the  mass-driver react ion eq ine  was 
not car r ied  into Task 2. 

3.6.2 Rail Gun Reaction Erqine 

A simple p a r a l l e l  rail gun cons i s t s  of a pa i r  of r i g id  conducting r a i l s  

t ha t  form two opposite s i d e s  of a rectangular acce lera tor  channel. The o the r  
two s i d e s  cons i s t  of a nonconducting re f rac tory  matar ia l .  A rectangular  

p r o j e c t i l e ,  which seals the  acce lera tor  bore, is inser ted ard an e l e c t r i c a l l y  
con=lucting armature placed d i r e c t l y  behind it. If an electrical poten t ia l  was 

applied across the  rails  a t  the  breech, the s i t u a t i o n  shown schematically i n  

f igure  3.6-3 would s m n  develop. Current i n  the ra i ls  m u l d  produce a 
magnetic f i e l d  between the r a i l s  which would i n t e r a c t  with the  current ,  flowing 
through the armature and produce a 7 x 3 force  t o  acce lera te  the armature ard 
pro j ect i le . 
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Figure 3.6-3: Simple Rail Gun Schematic 

P r o j e c t i l e s  can be d e  from almost any mater ia l  provided they can be 
pttd in a noncorduct iq  substance. The p r o j e c t i l e  m u s t  pssess s u f f i c i e n t  
s t rength ,  however, t o  withstand the acce lera t ion  s t r e s s e s  involved (up t o  

10,000 g ' s ) .  It  would a l so  be very des i rab le  to  leave 110 permanent react ion 
mass p r o j e c t i l e s  in Earth o r b i t .  It  should be possible  to  use a reaction mass 
mat'erial t ha t  evaporates or  sublimes over a period of minutes. Candidates 
t h a t  might f u l f i l l  t h i s  requirement a r e  water, ice, and mothballs. 

The r a i l  gun is simple, cheap, a d  known to work ( r e f s .  3-12 and 3-13). 
Its main t e c h n i c a l  c o n s i d e r a t i o n s  a r e  h igh -cu r ren t  s w i t c h i n g ,  keeping 
p r o j e c t i l e s  i n t a c t  durirq accelerat ion,  r a i l  wear due to p ro jec t i l e  f r i c t i o n ,  
and/or arc erosions.  Arc erosions is the most ser ious  problem, e spec ia l ly  
d u r i q  arc  s t a r t i n g  when the v e l o c i t i e s  a re  low and a t  the end of the r a i l s  a s  
the p r o j e c t i l e  leaves the 3un. It should be possible to  t a i l o r  the a r c  
cur ren t  to  reduce arc  erosion, but  more t e s t i q  and developnent a re  necessary 
to determine r a i l  gtm l i fe t imes .  

Recent s tud ies  ( r e f s .  3-14 and 3-15) have examined the performance of 
conceptual e l e c t r i c  r a i l  gun propulsion systems (Figure 3.6-4) ard s h o w  them 
t o  be competitive with conventional electric thrus te r  systems for LEO-GEO 

de l ivery  times of 20 t o  120 days. 
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FUTURES RISK/FEASBILm 

ARC EROSION OF BARREL S U R F U S  
FINAL OEPOSlflON OF FIRED PZLLETS 

Figure 3.64: Solar Electric Rail Gun Rocket 

Recomndat ion.  Because the recent r a i l  / gun propulsion studies used ground 
r u l e s  canpatible w i t h  this study, their r e s u l t s  have been incorporated 
d i r e c t l y  in to  Task 2. 

3.6 .3  Induction Thruster 

I n d u c t i o n  t h r u s t e r s  use the r e p u l s i o n  force between eddy c u r r e n t s  
generated i n  a corductor by a time varying magnetic f i e l d  a d  the f i e l d  itself 
t o  acce lera te  the conductor as the react ion mass. Examples of proposed 
i rduct ion thrusters are the MIT d i rec t  cur ren t  i rduct ion acce lera tor  an3 the 

TRW pulsed inductive plasma thruster. Of these two,  the 'ITW thruster is 
fu r the r  developed a d  appears t o  be more p rac t i ca l .  

The MIT thruster concept involves accelerat ing a metal ring w i t h  a series 

of coaxial  c o i l s  spaced a l o q  a nonconcluctiq barrel. By fir irq a capac i tor  
bank through each coil imnediately after the ring has passed through it ,  a 
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l a rge  repulsive force is generated between the c o i l  ard the  eddy a r r e n t  i n  
the ring, accelerat ing the ring t o  high ve loc i t i e s .  The upper l i m i t  on 
ve loc i ty  is determined by the meltiq of the r i q  through the ohmic heating of  

the eddy currents. Feas ib i l i t y  issues include the need for high-speed, highly 
accurate switchirq ard the problem of leaving so l id  p r o j e c t i l e  reaction masses 
in Earth orbi t . .  Because s u f f i c i e n t  design data  were not ava i l ab le  fo r  the MIT 

d i r e c t  cur ren t  induction th rus t e r ,  i t  was not recomnended for vehic le  l eve l  
assessment in Task 2. 

The T W  pulsed indclctive thrus te r  has been the subjec t  of t heo re t i ca l  

analyses a d  experimental design for  almost 20 years,  a c c o r d i q  t o  reference 
3-16. The thrus te r  i t s e l f  is a la rge  (greater  than h), f l a t ,  s p i r a l  c o i l  
through which a capaci tor  bank is f i red .  Simultaneous with the  capac i tor  bank 
t r igger ing ,  a pppt valve releases  and lays  a cloud of propel lan t  gas j u s t  
over the c o i l .  The sudden magnetic pulse ionizes sane of the  neu t r a l  gas  and 
forms a thin f l a t  d i sc  of pure jo curren t  car r ied  only by electrons.  ?he eddy 

cur ren t ,  driven away from the c o i l  by magnetic repulsion, ionizes  and sweeps 
up the neutral  gas ahead of i t  to provide thrus t .  A schematic of the pllsed 

inductive thruster is sbwn i n  Figure 3.6-5. One reason for usirq i rduc t ive  
coupling rather  than d i r e c t  contact  through electrodes is to  avoid erosion and 

energy loss mechanisns, which a re  c h a r a c t e r i s t i c  of other  electric t h r u s t e r  
concepts and result in l imited thrus te r  l i fe t imes .  

PuLsEn GAS 
INJECTOR 

SWITCH 

I 
CAPAC I TOR 
BANK 

POWER 
SUPPLY 

C O I L  

Figure 3.6-5: Schematic of Pulsed ln&crive Thruster 
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The results of a 10-year developnent program looking a t  i n c r e a s i q  
t h r u s t e r  diameters is shown i n  Figure 3.6-6. ?he trend of increasing 
e f f i c i e n c y  and s p e c i f i c  impulse wi th  i n c r e a s i n g  d i ame te r  a g r e e s  w i t h  
ana ly t i ca l  ca lcu la t ions  ( r e f .  3-17), whick -hwed a rapid rise of e f f i c i ency  
with diameters up to about lm, with a more gradual increase the rea f t e r .  

The pulsed inductive th rus t e r  has many of the same c h a r a c t e r i s t i c s  and 
problems of the MPD thruster discussed in  sec t ion  3 .4 .  Namely, it requires a 
pulsed propel lant  in jec t ion  system and a pulse-forming energy s torage  system, 
does a s  the MPD th rus t e r ,  a d  it has about the same e f f i c i ency  but  a t  lower 
s p e c i f i c  impulse leve ls .  For these reasons it  was decided not to pursue the 
pulsed i rduc t ive  th rus t e r  i n  Task 2 but to use the MPD t h r u s t e r  because of its 
fu r the r  developnent. 
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Figun 3.6-6: Efhct of Coil Diametn on Efficiency 
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4.0 OTHER PROPULSION CONCEPTS 

In the process of s u n t e y i q  advanced propulsion concepts, a few d id  not 
f i t  in to  the  ca tegor ies  of  thermodynamic or electric rockets. Pr inc ipa l  
exceptions; a re  the so-called photon rockets: namely the  so l a r  sa i l  and the 
ant imat ter  rocket. Other concepts i n  t h i s  category (e.g., an t ig rav i ty ,  
g rav i ty  screens, reac t ion less  propulsion [Dean Drive] , wormholes in  the  
v i c i n i t y  of a black hole,  etc.) are ideas for  conversation with no hard data  

or accepted theory to ind ica te  they w i l l  exist. Al tbugh  photon rockets are 
f a r  beyond the mission models discussed in  t h i s  study, a b r i e f  desc r ip t ion  of 

each follows for the s a k e  of completeness. 

4.1 Solar Sail  

The so la r  sail is a conceptually simple device t h a t  deploys a la rge ,  
l ightweight r e f l e c t i v e  sur face  t o  in te rcept  and r e f l e c t  s+ar rad ia t ion ,  
thereby generating th rus t  on the  vehicle .  In the  v i c i n i t y  of Earth, a 

If the vehic le  pe r fec t ly  r e f l e c t i v e  sur face  could generate  almost N/m 2 . 
could be made l i g h t  enough (-0.01 kg/m 2 ) ,  a usable t h r u s t  to e i g h t  w x l d  

result. Recent advances in  solar s a i l  technology ( r e f .  4-1) suggest t h a t  0.1 

th ick  f i lms could be manufactured in  quant i ty  in  o r b i t .  If assembled into a 
la rge  so l a r  sail s t r u c t u r e  ard a way to successfu l ly  cont ro l  a d  steer t h a t  
s t r u c t u r e  bere devised, a very economic form of deepspace t r anspor t a t ion  
muld  evolve. The solar sai l  concept p ropsed  in  reference 4-2 would have a 
0.003 t h r u s t  to weight and w u l d  be competitive fo r  L E M E O  de l ive ry ,  bu t  

it could m t  overcane a i r  drag below 900 km. The high-performance so la r  s a i l  

configurat ion proposed in references 4-1 and 4-2 is shown i n  Figure 4.1-1. 
Principal  f e a s i b i l i t y  quest ions not addressed s u f f i c i e n t l y  to  d a t e ,  dea l  

pr imar i ly  With the  operat ional  issues of solar sails. Is it poss ib le  t o  
process the  ro ta t ing  so la r  sail rapidly enough t o  acce lera te  it ou t  of LEO 

without d i s t o r t i n g  its very f r a g i l e  s t ruc ture?  How many manhours are required 
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Figure 4.1- I: Solar Sail Configuration 

to assemble the tens  of thousand of f r a g i l e  subpanels into a working so l a r  
sail? Can the assembly a d -  operation of so la r  sails be automated or is hunan 

control  necessary? 
Because t h e  s o l a r  s a i l  was n o t  compat ib le  with LEO-GEO miss ion  

requirements of t h i s  s tu ly ,  it was not character ized.  As a poten t ia l  
contender for  low-cost deepspace  t ranspor ta t ion ,  however, i t  should be 

supported a t  a leve l  comnensurate w i t h  o ther  candidate systems. 

4.2 Antimatter Pocket 

Mass annih i la t ion  provides the grea te s t  energy per uni t  mass ard the 

highest  spec i f i c  impulse of any concept which expels mass t o  provide th rus t .  
The reaction of ant imat ter  with ordinary matter converts both p a r t i c l e s  into 
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energe t ic  photons which could be di rec ted  by a very e f f i c i e n t  r e f l ec to r  t o  
provide th rus t  (photon d r i v e ) .  This m u l d  result i n  a s p e c i f i c  impulse of 3 x 
l o 7  sec, which makes the  ant imat ter  rocket the only device t h a t  could 
t h e o r e t i c a l l y  reach a s i g n i f i c a n t  f r ac t ion  of the speed of l i g h t .  

Obviously, a de ta i led  ana lys i s  of ant imat ter  propill s ion is ne i ther  

poss ib le  nor mr ran ted  because no w y  to e f f i c i e n t l y  produce o r  s t o r e  
s ignf  i can t  amounts of ant imat ter  has been found. Antimatter propulsion 
remains technica l ly  f e a s i b l e  and des i rab le ;  but until a breakthrough i n  
ant imat ter  production and s torage is made, rn fur ther  work is recomnended. 
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5.0 OBSERVATIONS 

A t  the conclusion of the survey and charac te r iza t ion  task described i n  

this volume, it  was apparent t ha t  there  were going to  be no easy winners. ?he 

less data  ava i lab le  on any given concept, the be t t e r  the concept looked ;  b u t  
a s  holes in  data  e r e  f i l l e d ,  performance degraded un t i l  it was comparable to 
other advanced concepts. The performance l eve l s  a t ta ined  by the concepts 

surveyed are  shown i n  Figure 5.0-1; note that a l l  have specific impulses 
higher than those of chemical rockets. 

10' 

106 

lo5 

lo' 

lo3 

102 
10" 10'' 1 10 100 

-VEHICLE ACCELERATION, C ' S  OR THRUST-TO-WEIGHT RATIO 

Figure 5.0 I :  Propulsion System Perfonn.nce 

Fdvanced propulsion concepts shown f a l l  into tw categories:  (1) those 
that can be developed in  the near fu ture  us i rq  today 's  design level  technology 

and (2) those appearing to  be m y s i c a l l y  r ea l i zab le ,  extrapolat ing from 

today's technology, but for which de ta i l ed  design data do not exist. The 
f i r s t  category .includes solar  and nuclear e l e c t r i c  rockets, l a s e r  and solar 
thermal rockets, and f i s s i o n  thermal rockets. These concepts were a l l  
recommended for vehicle  level  assessment in the next pa r t  of the study. ?he 

secord category includes the solar  sail, pulsed f i s s i o n  rocket, pulsed fusion 
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r o c k e t ,  and cont inuous  f u s i o n  rocket. These concep t s  appear  t o  have 
tremendous poten t ia l  €or deepspace  exploration ard explo i ta t ion ,  but  they 
a l so  appear to be m s u i t a b l e  for  LEO t o  GEO operat ions ( a  prerequis i te  mission 
of the cur ren t  s tudy) ;  therefore  no concepts from the second category were 
recommended for assessment i n  Task 2. 

To address. the issue  of mission models, a chronology of fu ture  o r b i t  
t r ans fe r  missions and corresponding vehicle  requirements is shown in  Figure 
5.0-2, s t a r t i n g  with the f i r s t  o w r a t i o n a l  use of the space shu t t l e .  This 
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Figure 5.0-2: Upper-Stage Vehicle and Mission Chronology 

phase w i l l  involve expendable vehic les  beqinnirq w i t h  IUS and endirq with the  
i n i t i a l  MX-LH2 OTV and f i r s t -genera t ion  SEE.  These vehicles  w i l l  perform 

ea r ly  GEO platform de l ive r i e s  a d  so la r  system exploration missions. From 
1992 through about 2010, a series of missions a re  planned requiring manned 
presence in  GEO arid l a r g e s c a l e  use of c i s lunar  space for comerc ia l  and 
mil i ta ,y  a p l i c a t i o n s .  These missions require  new spxe  t ranspor ta t ion  
vehicles  with la rger  payload capab i l i t y  plus  r eusab i l i t y  for cost reduction. 
?he advanced propulsion vehicles  recommended for  vehicle  l eve l  assessment were 
recomnended with these second-generation missions i n  mind. 

?he third-generation phase begins when human technology has advanced t o  
the p i n t  where manned exploration ard operat ions outs ide c i s lunar  space a r e  
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possible .  Space t ranspor ta t ion  in  t h i s  e r a  w i l l  require very high delta-V's 

a t  r e l a t i v e l y  high thrust-to-weight r a t i o s  t o  t o  reduce manned 
mission times to acceptable l i m i t s  (1 t o  2 yea r s ) .  ?his w i l l  necess i t a t e  the 

use of high-energy f i s s i o n  and/or fusion propulsion t o  reach the  gigawatt  
power l eve l s  required. Requirements fo r  these propulsion systems were to 
occur sane time a f t e r  2010. Even though t h i s  era  is of extreme i n t e r e s t  i n  
some circles, i t  was not a subjec t  of this study a d  advanced f i s s i o n  ard 

fusion propulsion concepts were not pursued beyord the survey task.  
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